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(U)  ABSTRACT 


Powerplant  studies  were  conducted  for  a  shaft-driven,  heavy-lift  heli¬ 
copter  (HLH)  with  design  gross  weights  ranging  from  75,000  to  85,000 
pounds  and  a  maximum  payload  capability  of  40,000  pounds.  The  num¬ 
ber  of  engines  required,  the  gross  weight,  and  the  fuel  consumed  for 
specified  missions  using  various  powerplant  configurations  were  deter¬ 
mined.  Control  system  studies  were  conducted  to  investigate  control 
modes,  power  train  dynamics,  and  multiengine  control  and  load  shar¬ 
ing.  Power  coupling  studies  were  conducted  which  included  combining 
and  reduction  gearing,  cross  shafting,  clutches,  and  gas- coupled  rotor 
drives. 

The  results  of  these  studies  indicate:  use  of  regenerative  engines  will 
result  in  fuel  savings  on  all  missions;  approximately  18,000  shaft 
horsepower  (sea  level  static  rating)  may  be  required;  current  multi- 
engine  control  techniques  are  applicable  to  the  HLH;  and  a  gas- coupled 
rotor  drive  system  warrants  further  investigation. 
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(U)  PREFACE 


This  is  the  final  report  on  the  Allison  study  project  entitled  "Power- 
plant  Studies  for  a  Shaft-Driven  Helicopter.  "  This  study  was  conducted 
for  the  U.  S.  Army  Aviation  Materiel  Laboratories  (USAAML)*  under 
contract  DA  44-177-AMC-213  (T).  These  studies  were  conducted  dur¬ 
ing  the  6 -month  period  from  30  June  through  31  December  1964. 

USAAML  technical  direction  was  provided  by  C.  H.  Carper,  Jr.,  with 
D.  S.  Monson  serving  as  the  Allison  project  engineer.  The  principal 
investigators  at  Allison  were  R.  L.  Eckman,  C.  M.  Hawkins,  R.  M. 
Swick,  and  J.  R.  Wooten. 

The  data  and  information  obtained  from  the  Sikorsky  Aircraft  Division, 
United  Aircraft  Corporation,  Vertol  Division,  The  Eoeing  Company, 
r.nd  the-  Kam.cn  Aircraft  Corporation  are  gratefully  acknowledged. 

Certain  sections  of  this  report  have  been  classified  Confidential  (Group 
3)  because  T78  engine  performance  data  are  included.  These  sections 
have  been  appropriately  identified. 


♦Abbreviation  for  U.  S.  Army  Materiel  Laboratories  has  been  changed 
to  USAAVLABS. 
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CONFIDENTIAL 


(C)  SUMMARY  (0) 

(U)  This  report  presents  the  results  of  powerplant  studies  for  a  shaft- 
driven  heavy -lift  helicopter  (HLH).  Various  powerplant  concepts  and 
configurations  were  evaluated  based  primarily  on  weight  savings  and 
performance.  In  addition,  powerplant  control  and  power  transmission 
problems  were  investigated.  The  results  of  the  study  are  summarized 
in  the  following  paragraphs. 

(C)  Use  of  regenerative  cycle  engines  will  result  in  a  reduction  of  lift¬ 
off  weight  or  extension  of  range  for  the  ferry  mission.  With  regenera¬ 
tive  engines,  the  1500-nautical-mile  ferry  mission  can  be  accomplished 
with  an  initial  gross  weight  18  percent  below  that  required  for  the  best 
nonregenerative  free  turbine  configuration  considered.  A  regenerative- 
engine -powered  HLH  with  a  ferry  mission  design  load  factor  of  2.  0 
would  have  a  ferry  range  of  approximately  2012  nautical  miles,  as  com¬ 
pared  to  approximately  1514  nautical  miles  for  a  nonregenerative  power¬ 
ed  vehicle. 


(C)  Use  of  regeneration  will  result  in  fuel  savings  on  all  missions  con¬ 
sidered.  Fuel  savings  of  21,  000  pounds  for  the  ferry  mission,  1760 
pounds  for  the  transport  mission,  and  570  pounds  for  the  heavy- lift 
mission  can  be  realized.  This  fuel  savings  can  be  an  important  factor 
when  system  logistics  are  considered. 

(U)  The  results  of  the  regenerator  optimization  study  indicate  that  the 
regenerator  now  being  developed  for  the  Model  T78  represents  a  reason¬ 
able  compromise  if  all  missions  have  equal  importance.  From  a  gross 
weight  viewpoint,  regeneration  offers  little  to  no  advantage  for  the 
transport  or  heavy- lift  missions  studied. 

(U)  The  results  of  the  mission  analysis  indicate  that  extended  range  or 
lower  fuel  consumption  can  be  attained  by  selective  shutdown  of  engines 
during  the  transport  and  ferry  missions.  This  can  be  done  safely  and 
will  result  in  ferry  mission  lift-off  weight  and  fuel  savings  of  up  to 
13,000  pounds. 

(C)  The  size  of  the  HLH  powerplant  and,  consequently,  the  number  of 
engines  required  for  a  given  output,  is  dictated  by  the  6000-foot,  95-F. 
transport  hover  requirement.  Based  on  the  power  requirement  curves 
established  for  this  study  and  a  heavy-lift  mission  empty  weight  to 
design  gross  weight  ratio  of  0.47,  the  HLH  powerplant  must  be  rated  at 
approximately  18,000  shaft  horsepower  (sea  level  static  ARDC  standard 
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ambient  conditions).  Therefore,  four  engines  rated  at  4500  shaft 
horsepower  or  three  engines  rated  at  6000  shaft  horsepower  would  be 
required  unless  some  means  of  power  augmentation  is  employed.  On 
this  basis,  four  Allison  Model  546,  548,  and  501 -M26  engines,  or  three 
Allison  Model  501-M25  engines  would  be  required. 

(U)  The  possibility  of  "flat  rating"  or  limiting  the  power  output  of  the 
engines  as  a  function  of  ambient  pressure  and  temperature  should  be 
considered.  This  would  limit  the  maximum  power  input  to  the  trans¬ 
mission,  which  would  result  in  a  lighter  weight  design  while  providing 
improved  hot-day  and  altitude  performance. 

(U)  The  gas-coupled  rotor  drive  system  shows  promise  of  eliminating 
the  problems  associated  with  right  angle  drive  (bevel  gear)  power 
transmission  while  increasing  installation  flexibility.  This  concept 
provides  for  vertical  installation  of  the  power  turbines  on  the  trans¬ 
mission,  thereby  eliminating  bevel  gearing.  Performance  and  pre¬ 
liminary  design  studies  indicate  that  the  multiple  turbine  approach  is 
superior  to  the  single-turbine  approach. 

(U)  The  weight  of  the  gas- coupled  rotor  drive  system  preliminary  de¬ 
sign  resulting  from  this  study  is  estimated  to  be  approximately  6600 
pounds.  This  weight  includes  four  gas-producers,  ducting,  four  power 
turbines,  and  the  transmission.  The  ratio  of  the  powerplant  weight  to 
vehicle  design  gross  weight  compares  very  favorably  with  that  of  much 
lighter  vehicles. 

(U)  The  clutch  design  studies  and  operating  experience  indicate  that  a 
lightweight,  hydraulically  operated  clutch  capable  of  transmitting  5000 
horsepower  is  feasible  and  can  be  successfully  developed.  The  unique 
design  resulting  from  this  study  is  sensitive  to  reverse  torque  and  dis¬ 
engages  automatically  in  case  of  engine  malfunction  or  programmed 
underspeed,  thereby  eliminating  the  need  for  an  overrunning  clutch. 
Except  for  the  operation  of  one  switch  which  commands  engage  or  dis  - 
engage,  all  sequencing  in  the  clutch  assembly  including  the  control  of 
cooling  oil,  is  accomplished  automatically. 

(U)  Multiengine  power -combining  and  speed-reduction  functions  should 
be  integrated  into  the  transmission.  The  elimination  of  casings,  gears, 
bearings,  and  seals  results  in  a  simpler  and  lighter  weight  system. 

(U)  The  use  of  supercritical  shafting  offers  a  means  of  reducing  shaft¬ 
ing  weight,  simplifying  the  installation,  and  improving  reliability. 
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(U)  The  fuel-control  systems  of  all  engines  studied  are  readily  adapt¬ 
able  to  the  multiengine  HLH  powerplant. 

(U)  Adequate  control  of  the  load  distribution  between  the  various  en¬ 
gines  of  the  powerplant  can  be  accomplished  by  using  an  open-loop  sys¬ 
tem.  Based  on  variations  in  power  output  and  controls  of  current  pro¬ 
duction  engines,  a  total  variation  of  5.  0  and  8.  0  percent  between  engines 
could  be  expected  at  maximum  and  minimum  power,  provided  that  a  single 
governor  system  is  used.  If  closer  load  sharing  control  is  desired,  a 
torque-sensing,  closed-loop  system  could  be  provided  at  the  expense  of 
added  complexity.  From  an  engine  and  transmission  protection  view¬ 
point,  and  open-loop  system  would  be  completely  satisfactory. 

(U)  Pilot  control  of  the  multiengine  powerplant  can  be  readily  accom¬ 
plished  using  a  single  "twist  grip"  on  the  collective  pitch  lever.  The 
control  system  would  provide  automatic  rotor  and  powerplant  coordina¬ 
tion.  A  mechanical  link  would  be  provided  between  the  "twist  grip"  and 
the  individual  controls  for  manual  power  modulation  in  the  event  of 
automatic  control  malfunction. 

(U)  From  an  operational  viewpoint,  the  free  turbine  engine  appears  to 
be  better  suited  for  helicopter  use  than  the  fixed  turbine  engine.  This 
results  from  the  torque- speed  relationship  and  the  maneuvers  required 
of  current  helicopters.  The  operational  modes,  the  increased  size,  and 
the  redundant  engine  features  of  the  HLH  could  affect  this  conclusion. 

(U)  Analog  studies  indicate  that  power  train  torsional  stability  should 
not  be  a  significant  problem  with  the  HLH. 

(U)  Performance  and  installation  studies  also  indicate  that  either  the 
Model  T56  or  T78  engine  types  are  uniquely  suited  for  the  HLH  power- 
plant. 
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(U)  RECOMMENDATIONS 


GAS-COUPLED  ROTOR  DRIVE 


Preliminary  design  studies  have  indicated  that  the  Allison  gas -coupled 
rotor  drive  system  offers  a  solution  to  the  mechanical  right-angle  drive 
problem  while  providing  installation  flexibility  and  a  potential  reduction 
in  the  combined  power  generation  and  transmission  system  weight.  De¬ 
tailed  transmission  design  and  powerplant -vehicle  integration  studies  to 
explore  the  full  potential  of  this  approach  are  recommended. 

LOGISTICS  AND  COST  EFFECTIVENESS 


Substantial  fuel  savings  can  be  realized  using  regenerative  engines; 
therefore,  studies  should  be  conducted  to  determine  the  effect  of  this 
fuel  savings  on  total  annual  fuel  cost  and  other  systems  cost.  Such 
studies  should  include  projected  force  levels  under  various  postulated 
training  and  combat  conditions,  including  deployments  to  remote  areas. 

SUPERCRITICAL  SHAFTING 


The  use  of  supercritical  shafting  has  the  potential  for  simplifying  and 
increasing  the  reliability  of  interconnective  shafting  systems  by  greatly 
reducing  the  number  of  bearings  and  spline  joints  and  reducing  the  loading 
on  the  remaining  bearings.  In  addition,  a  significant  weight  savings  can 
be  achieved  with  such  a  system.  It  is  recommended  that  full-scale  test¬ 
ing  of  shafting  sized  for  the  HLH  be  initiated.  Such  tests  should  include 
simulation  of  loads  imposed  by  airframe  dynamics. 

MISSION  IMPORTANCE 


It  is  recommended  that  the  relative  importance  of  each  anticipated  HLH 
mission  be  established  so  that  the  optimum  powerplant  can  be  defined. 

REGENERATIVE  ENGINES 


Regenerative  engines  should  be  considered  for  use  in  other  helicopters 
as  well  as  the  HLH.  The  flat  specific  fuel  consumption  versus  shaft 
horsepower  curve  of  this  type  engine  permits  installation  of  higher 
powered  engines  without  a  sacrifice  in  cruise  economy.  This  could  re¬ 
sult  in  improved  altitude  and  hot  day  performance  and  an  extension  in 
helicopter  range. 
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(U)  INTRODUCTION 


This  study  resulted  from  an  Army  aviation  requirement  to  investigate 
various  powerplant  concepts  and  multiengine  configurations  for  a  shaft- 
driven  HLH  in  the  75,000-  to  85,000-pound  range.  The  objective  of  the 
study  was  to  develop  sufficient  data  to  permit  a  preliminary  evaluation 
of  several  HLH  concepts  and  configurations.  The  study  was  limited  to 
growth  versions  of  existing  engines  or  engines  currently  under  develop¬ 
ment.  The  evaluation  was  based  primarily  on  weight  savings  (engine 
installation  plus  fuel)  and  performance. 

Four  basic  missions  were  defined  by  the  U.  S.  Army  Aviation  Materiel 
Laboratories  (USAAML)*- transport,  heavy  lift,  ferry,  and  special  heavy 
lift. 

These  missions,  described  in  Table  1,  were  to  be  considered  of  equal 
importance. 

For  the  purpose  of  this  study,  USAAML  furnished  power  requirement 
estimates  as  a  function  of  gross  weight,  velocity,  and  equivalent  flat 
plate  frontal  area.  These  data  are  presented  in  Figure  1.  The  study 
consisted  of  performance,  control  system,  and  power  coupling  analyses. 


TABLE  1 
HLH  MISSIONS 


Transport 

Heavy  Lift 

Ferry 

Special  Heavy  Lift 

Payload  (Outbound),  tons 

12 

20 

0 

16 

Distance,  nautical  miles 

100  (radius) 

20  (radius) 

1500  (range)  100  (radius) 

Cruise  Velocity  (With  Pay- 

no 

95 

95 

load),  knots 

{Best  for 

Cruise  Velocity  (Without 

Range 

*  Payload),  knots 

130 

130  1 

130 

Cruise  Altitude 

SLS 

SLS 

SLS 

SLS 

Hover  Capability  (OGE) 

6000  feet,  95°F. 

SLS 

— 

SLS 

Hovering  Time,  minutes 

3  at  takeoff 

5  at  takeoff 

— 

5  at  takeoff 

2  at  midpoint 

10  at  destination 

1 0  at  destination 

Notes: 

(with  payload) 

(with  payload) 

(with  payload) 

Reserve  Fuel — 10  percent  of  initial  fuel  for  all  missions 

Fuel  Allowance — for  start,  warm-up,  and  takeoff  per  MIL-C-5011A  for  all  missions 
SLS — Sea  Level  Standard 
OGE — Out  of  Ground  Effect 


♦  In  June  1965,  the  abbreviation  was  changed  to  USAAVLABS. 
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Total  Shalt  Horsepower  Required/Design  Gross  Weight 


The  performance  analysis  consisted  of  establishing  the  performance  for 
various  fixed-shaft  and  free-turbine  engines,  the  number  of  engines  re¬ 
quired,  and  the  effect  of  various  engine  configuration  and  operational 
methods  on  the  gross  weight  and  fuel  consumption  for  each  mission.  In 
addition,  optimization  studies  were  conducted  on  regenerators,  remote 
gas-coupled  power  turbines  were  analyzed,  and  methods  of  hot-day 
power  augmentation  were  investigated. 


Figure  1.  Shaft  Horsepower  Required  for  HLH 
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The  control  system  analysis  included  an  assessment  of  free-turbine 
versus  fixed-turbine  engines,  transient  and  stability  studies,  control 
mode  analysis,  starting  investigation,  and  load  sharing  analysis.  En¬ 
gine-out  problems,  engine-rotor  coordination,  and  hot-day  power 
augmentation  were  also  considered. 

The  power  coupling  analysis  was  concerned  with  combining  and  trans¬ 
mitting  the  power  produced  by  the  multiengine  installations.  These 
studies  were  conducted  on  combining  gearing,  reduction  gearing, 
clutches,  shafting,  and  safety  devices.  In  addition,  a  study  was  con¬ 
ducted  on  a  gas-coupled,  integrated  turbine-transmission  rotor  drive. 


(C)  PERFORMANCE  STUDIES  (U) 


(U)  Performance  studies  were  concerned  with  two  broad  categories — 
engine  performance  and  mission  performance.  Engine  performance 
studies  were  concerned  with  the  power  output  and  fuel  consumption  for 
the  various  configurations  at  sea  level  standard  conditions  and  at  6000 
foot,  95 -F.  ambient  conditions.  The  effect  of  velocity  on  performance 
over  a  range  of  0  to  300  knots  was  also  determined.  In  addition, 
methods  of  increasing  or  augmenting  the  power  output  for  hot-day  oper¬ 
ation  were  considered.  Regenerator  designs  and  characteristics  were 
investigated  in  an  effort  to  determine  optimum  regenerator  size  for 
each  mission. 

(U)  Data  developed  from  engine  performance  studies  were  applied  in 
the  mission  studies  to  determine  the  number  of  engines  required,  fuel 
load,  and  takeoff  gross  weight  for  the  various  HLH  missions.  The  ef¬ 
fect  of  deliberate  engine  shutdown  on  mission  fuel  consumption  was 
also  determined. 

(U)  FIXED-  AND  FREE  -  TURBINE  ENGINES  CONSIDERED 

(U)  Several  derivations  of  the  Allison  T78  and  T56  engines  were  con¬ 
sidered  in  this  study.  These  engines  are  briefly  described  in  the 
following  paragraphs — additional  descriptive  information  is  presented 
in  the  section  titled  Installation  Studies. 

(U)  T78  Derivative  Models 

(U)  The  basic  Model  T78  engine  has  an  axial -flow -type  gas  generator 
consisting  of  a  14-stage  compressor  and  a  4-stage  turbine.  The  com¬ 
pressor  incorporates  variable  stator  geometry  in  the  inlet  guide  vanes 
and  the  first  six  stages  of  compression  and  has  a  design  pressure  ratio 
of  11.7.  The  turbine  unit  is  designed  to  permit  cruising  at  elevated 
turbine  inlet  temperatures  for  high  thermal  efficiency  and  low  specific 
fuel  consumption— this  is  made  possible  by  air-cooling  the  first-  and 
second-stage  turbine  blades  and  vanes.  A  tube -and -shell-type  regen¬ 
erator  is  used  to  reduce  exhaust  heat  loss,  thereby  providing  reduced 
fuel  consumption,  especially  at  reduced  power  settings.  Maximum  use 
is  made  of  lightweight  materials  and  high- efficiency  components. 

(U)  The  following  engines  were  derived  from  the  basic  Model  T78  re¬ 
generative  turboprop  engine  configuration: 
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•  545-C2— This  engine  is  a  front-drive  regenerative  turboshaft  with  a 
variable  speed  operating  mode  and  constant  turbine  inlet  tempera¬ 
ture.  The  design  speed  for  this  engine  is  19,300  r.  p.  m.  with  an 
operating  speed  modulation  capability  down  to  75  percent  r.  p.  m. 

No  reduction  gear  is  provided. 

•  545-C3 — This  engine  is  similar  to  the  Model  545-C2,  with  the  ex¬ 

ception  of  the  engine  control  which  is  modified  to  provide  a  constant 
speed  (19,300  r.  p.  m. )  and  turbine  inlet  temperature  mode  of  oper-  * 

ation.  Power  is  varied  by  changing  the  compressor  variable  vane 
settings. 

•  546-C2 — This  engine  is  a  nonregenerative  turboshaft  version  of  the 

Model  T78  engine.  It  has  a  variable  speed  and  variable  turbine  in-  . 

let  temperature  operating  mode.  No  reduction  gear  is  provided. 

•  546-C3 — This  engine  is  identical  to  the  Model  546-C2  except  a 
constant  speed,  variable  turbine  inlet  temperature  operating  mode 
is  used. 

•  548-C2 — This  engine  is  a  nonregenerative  turboshaft  derivative  of 
the  Model  T78  engine.  It  has  a  rear-drive,  free  power  turbine  and 
can  be  provided  with  either  direct  drive  or  an  integral  3.22  reduc¬ 
tion  gear. 

•  548-RT — This  engine  is  a  modification  of  the  Model  548-C2  with 
the  free  turbine  removed  and  relocated  on  the  main  transmission. 

(U)  T56  Derivative  Models 

(U)  The  following  engines  were  derived  from  the  basic  Model  T56 
turboprop  engine  configuration: 

•  501-M25 — This  is  a  front-drive  turboshaft  engine  growth  version  of 

the  Model  T 56  engine.  The  compressor  incorporates  variable 
geometry  (inlet  vanes  plus  the  first  i:ve  stator  vane  stages).  A 
short,  annular  combustion  chamber  and  an  internal  fuel  manifold 
are  used.  The  turbine  has  four  stages— the  first  two  are  air¬ 
cooled  (blades  and  vanes).  A  single  or  bifurcated  large  area  ex-  * 

haust  nozzle  can  be  provided.  This  configuration  also  includes  a 
self-contained  oil  system  and  a  Model  T56  torquemeter. 

•  501-M26 — This  is  a  rear -drive,  free  turboshaft  engine.  The  com¬ 
pressor  incorporates  variable  geometry  (inlet  vanes  plus  the  first 
five  stator  vane  stages).  A  short,  annular  combustion  chamber 
and  an  internal  fuel  manifold  are  used.  The  power  turbine  is  gas- 
coupled  to  the  two-stage  gas  producer  turbine.  This  engine  also 
has  a  self-contained  oil  system. 
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(U)  JET  NOZZLE  OPTIMIZATION 


(U)  Prior  to  developing  performance  data,  it  was  necessary  to  deter¬ 
mine  the  jet  nozzle  area  for  the  engines  being  considered  for  the  HLH 
application.  These  data  were  required  since  the  jet  nozzle  area  of  the 
baseline  engines  had  been  sized  for  high  airspeed  performance.  With 
most  helicopter  missions  at  low  velocity,  performance  can  be  improved 
by  increasing  the  jet  nozzle  area.  It  was  found  that  by  making  the 
nozzle  diameter  for  the  545  engines  approximately  the  same  as  the  out¬ 
side  diameter  of  the  turbine  and  the  inside  diameter  of  the  regenerator 
(300- square-inch  area),  good  gains  in  performance  could  be  obtained  by 
both  the  regenerative  and  nonregenerative  engines  at  military  and 
normal  power.  Figures  2  and  3  show  the  effect  of  jet  nozzle  area.  A 
further  increase  in  nozzle  area  produces  smaller  gains.  Since  a  con¬ 
siderable  portion  of  the  missions  will  be  at  reduced  power,  the  jet 
velocity  with  the  larger  areas  may  become  less  than  the  forward  veloc¬ 
ity,  producing  additional  drag.  Therefore,  a  jet  nozzle  area  of  300 
square  inches  was  used  in  the  calculation  of  performance  for  the 
Model  545,  546,  and  548  engines. 


Jet  Nozzle  Area-Square  Inches 
Figure  2.  (U)  Effect  of  Jet  Nozzle  Area  on  T78  Performance 
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Jet  Nozzle  Area -Square  Inches 

Figure  3.  (U)  Effect  of  Jet  Nozzle  Area  on  T78  Performance 


(U)  A  similar  study  was  conducted  for  the  T56  derivative  Models  501- 
M25  and  501-M26.  As  shown  in  Figure  4,  the  slope  of  the  adjustment 
curves  becomes  relatively  flat  above  500  square  inches.  Therefore, 
500  square  inches  was  relected  as  the  jet  nozzle  area  for  the  Model 
501-M25  and  501-M25  jngines. 

(C)  PERFORMANCE  ANALYSIS  (U) 

(U)  Performance  data  were  developed  for  a  number  of  engine  models. 
These  data  include  the  effect  of  increased  jet  nozzle  area  as  previously 
discussed.  All  data  are  based  on  sea  level  ARDC  standard  ambient 
conditions  unless  otherwise  noted.  Table  2  is  included  to  aid  the 
reader  in  obtaining  a  summary  of  the  pertinent  performance  data  for 
the  engines  considered. 
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Sea  Level  Static 
Standard  Day 
Military  Power 


200  300  400  500  600  700 

Jet  Nozzle  Area-Square  Inches 

Figure  4.  (U)  Effect  of  Jet  Nozzle  Area  on  501-M25 
and  -M26  Performance 


TABLE  2 

(G)  ENGINE  PERFORMANCE  SUMMARY  (U) 


Military  Performance  Performance  At 
Model  Turbine  At  Sea  Level  Static  6000  Feet,  95°F. 


Designation 

Type 

Regenerative 

Weight  (lb) 

SHP 

SFC 

SHP 

SFC 

545-C2 

Fixed 

Yes 

1141 

4105 

0.  503 

2865 

0.  518 

545-C3 

Fixed 

Yes 

1141 

4105 

0.  503 

2865 

0.  518 

546-C3 

Fixed 

No 

681 

4511 

0.479 

3128 

0.  496 

548-C2 

Free 

No 

822 

4489 

0.  482 

3080 

0.  501 

548-RT 

Free 

No 

— 

4354 

0.  496 

2979 

0.  518 

501-M25 

Fixed 

No 

955 

6000 

0.  500 

4075 

0.  521 

501-M26 

Free 

No 

1030 

5450 

0.  479 

3715 

0.  500 

Note: 

SHP — shaft  horsepower 

SFC — specific  fuel  consumption 
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(U)  Performance  was  determined  for  the  545  (regenerative)  engine 
series  for  various  operating  modes.  As  shown  in  Figure  5,  the  per¬ 
formance  attainable  at  constant  r.  p.  m.  and  turbine  inlet  temperature 
(T4)  with  variable  airflow  is  superior  to  that  with  constant  r.  p.  m.  and 
variable  T4.  For  this  reason,  the  latter  operational  mode  was  not 
considered  for  further  study.  The  best  performance  was  shown  with 
the  T78  operational  mode— variable  r.  p.  m.  and  constant  T4  (545-C2). 
Use  of  this  mode  would  require  rotor  speed  variation  from  100  percent 
at  military  power  down  to  75  percent  at  minimum  power. 
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(U)  The  data  shown  on  Figure  5  are  for  static  conditions.  To  conduct 
the  mission  analysis,  the  effect  of  velocity  on  performance  must  be 
considered.  Figures  6  and  7  present  fuel  flow  and  shaft  horsepower 
for  various  true  airspeeds  for  the  Model  545-C2  and  545-C3  engines. 
These  and  all  curves  presented  in  this  section  of  the  report  do  not  in¬ 
clude  performance  penalties  due  to  installation  effects  or  specific  fuel 
consumption  depreciation,  since  these  factors  differ  for  various  in¬ 
stallations  and  applications.  (These  penalties  are  taken  into  consider¬ 
ation  in  the  subsection  titled  Mission  Analysis. ) 

(U)  The  performance  of  the  Model  546  engine  with  various  operational 
modes  is  shown  in  Figure  8.  A  comparison  of  Figures  6  and  8  shows 
that  the  operational  mode  has  much  less  effect  on  nonregenerative  en¬ 
gine  performance.  The  effect  of  operational  mode  only  begins  to  be¬ 
come  significant  at  power  outputs  much  lower  than  those  anticipated  for 
helicopter  operation.  The  effect  of  velocity  on  fuel  consumption  and 
shaft  horsepower  for  the  Model  546  series  engines  is  shown  in  Figures 
9  and  10. 

(U)  Performance  data  for  the  Model  548 -C2  nonregenerative,  free-tur- 
bine  engine  are  shown  in  Figure  11.  The  effect  of  velocity  on  fuel  con¬ 
sumption  and  shaft  horsepower  is  shown  in  Figure  12. 

(U)  The  gas  producer  section  of  the  Model  548-C2  engine  is  suitable 
for  driving  remote  turbines  and  supplying  gas  for  hot-cycle  systems. 
The  gas  flow,  fuel  flow,  and  gas  producer  outlet  temperature  are  pre¬ 
sented  as  a  function  of  discharge  pressure  in  Figure  13. 

(U)  Direct  vertical  installation  of  single  and  multiple  power  turbines 
on  the  main  power  transmission  was  investigated.  (The  mechanical 
aspects  of  this  study  are  reported  in  the  section  titled  Power  Coupling 
Studies. )  From  a  performance  viewpoint,  there  are  some  serious 
reservations  regarding  the  multiple  gas  producer- single  turbine 
approach.  An  annular  common  inlet  plenum  can  be  quickly  eliminated 
by  considering  the  effect  of  engine  loss  on  power  output.  It  was  found 
that  if  one  gas  producer  fails  or  is  shut  down  in  a  three- engine  in¬ 
stallation,  a  58 -percent  loss  in  shaft  output  power  would  result.  Loss 
of  one  gas  producer  in  a  four- engine  installation  would  result  in  a 
power  loss  of  48  percent.  The  power  loss  is  the  result  of  loss  of  flow, 
compounded  by  the  loss  in  expansion  ratio. 
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Estimated  Performance— Model  545-C2 
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Jet  Nozzle  Area-300  Square  Inches 
Velocity— Zero  Knots 

I  ■  .  — .  4m  ■  *  -  * 

'Constant  r.p.  m.  Variable  (546-C3) 

:Constant  T4 ,  Variable  r.  p.  m.(No  Model  Number) 
Variable  r.  p.  m.  &  T4  (546-C2) 


-Military  at  6000  Feet,  95°F.  Ambient 


I  I 

Sea  Level  Standard 

Military 


500  1000  1500  2000  2500  3000  3500  4000  4500 

Shaft  Horsepower 

Figure  8.  (C)  Model  546  Nonregenerative  Turboshaft 
Engine  Performance  (U) 


(U)  Annular  segmented  admission  was  considered  as  a  possible  solu¬ 
tion  to  the  partial  admission  problem  cited  in  the  preceding  paragraph. 
Some  investigators  have  reported  that  performance  degradation  need 
not  be  incurred  due  to  partial  admission  if  care  is  exercised  in  closely 
shrouding  the  turbine  wheel  in  the  "nonadmission"  areas.  Segmented 
admission,  however,  approaches  but  does  not  duplicate  partial  admis¬ 
sion. 

(U)  Windage  losses  can  be  a  significant  factor  in  the  nonadmission 
regions  of  a  partial  admission  turbine.  To  effectively  reduce  these 
losses  with  an  engine  out,  some  means  must  be  found  to  closely  shroud 
the  resulting  inactive  region  of  the  wheel.  This  poses  a  difficult  me¬ 
chanical  problem.  Because  of  these  problems  and  further  mechanical 
considerations,  as  indicated  in  the  section  titled  Power  Coupling  Studies, 
use  of  multiple  turbines  individually  fed  by  a  separate  gas  producer  is 
recommended. 
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Figure  10.  (C)  Estimated  Performance — Model  546-C3  (U) 
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Figure  11. 


(C)  Model  548-C2  Nonregenerative  Free  Turbine 
Engine  Performance  (U) 


(U)  Relocation  of  a  548  power  turbine  from  the  axis  of  the  gas  producer 
to  a  vertical  position  on  the  transmission  will  require  ducting  and  turn¬ 
ing  the  gas  90  degrees.  The  study  indicates  that  a  4 -percent  pressure 
loss  can  be  expected  in  this  duct.  However,  the  resulting  power  loss  is 
offset  by  simplification  in  the  mechanical  elements  of  the  drive  system. 

(U)  The  specific  fuel  consumption  versus  shaft  horsepower  relation¬ 
ship  for  the  548  remote  turbine  (548- RT)  drive  system  would  be  similar 
to  that  of  the  basic  548-C2.  The  fuel  consumption  and  shaft  horsepower 
for  various  true  airspeeds  for  the  gas -coupled  drive  approach  are 
presented  in  Figure  14. 

(U)  Variations  of  the  T56  engine  offer  the  maximum  power  available 
for  present  or  anticipated  turboshaft  engines.  A  fixed  turbine  version, 
the  Model  501-M25,  would  be  capable  of  producing  6000  shaft  horse¬ 
power  at  standard  sea  level  conditions.  The  specific  fuel  consumption- 
shaft  horsepower  (SFC-SHP)  characteristic  of  this  engine  is  shown  in 
Figure  15.  The  effect  of  velocity  on  the  performance  of  this  engine  is 
shown  on  Figure  16. 
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Figure  12.  (C)  Estimated  Performance— Model  548-C2  (U) 
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Gas  Producer  Discharge  Pressure  -  Inches  of  Mercury 


Figure  13.  (C)  Estimated  Performance— Model  548-C2 
Gas  Producer  (U) 
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Shaft  Horsepower 

Figure  14.  (C)  Estimated  Performance— Model  548-RT  (U) 


Shaft  Horsepower 

Figure  15.  (U)  Model  501 -M2 5  Nonregenerative  Turboshaft 

Engine  Performance 


(U)  A  free  turbine  version  of  the  T56,  the  Model  501-M26,  would  be 
capable  of  producing  5450  shaft  horsepower  and  would  exhibit  the  SFC- 
SHP  characteristic  shown  in  Figure  17.  The  effect  of  velocity  on  fuel 
consumption  and  shaft  horsepower  is  shown  in  Figure  18. 

(C)  POWER  AUGMENTATION  (U) 

(U)  The  maximum  power  requirement  for  the  HLH  is  established  by 
the  6000-foot,  95*F.  transport-mission  hover  requirement  as  indicated 
in  the  subsection  titled  Mission  Analysis.  This  requirement  dictates 
the  number  of  engines  needed  for  the  HLH, unless  a  suitable  means  of 
hot  day  power  augmentation  can  be  provided.  The  following  methods  of 
hot  day  power  augmentation  were  considered: 

•  Water- alcohol  injection 

•  Reheat  between  the  gas  producer  and  power  turbines 

•  Hot-day  ratings 
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Figure  16.  (U)  Estimated  Performance  —  Model  501-M25 


Shaft  Horsepower 

Figure  17.  (U)  Model  501-M26  Nonregenerative  Free  Turbine 

Engine  Performance 


(U)  Water-alcohol  injection  has  been  extensively  used  to  increase  the 
thrust  or  power  output  of  gas  turbine  engines  on  hot  days.  Injection  of 
water-alcohol  at  the  air  inlet  reduces  the  air  temperature  and  results 
in  an  increase  in  air  density  and  mass  flow  through  the  engine.  In  addi¬ 
tion,  the  cooling  effect  of  the  water-alcohol  within  the  compressor  re¬ 
sults  in  a  reduction  in  compressor  work  per  pound  of  inlet  airflow. 

The  combination  of  these  effects  results  in  an  increase  in  useful  tur¬ 
bine  work. 

(U)  Water  alone  could  be  used  as  the  injectant;  however,  unevaporated 
water  can  carry  through  the  engine  into  the  combustion  chamber.  This 
would  require  additional  fuel  and  a  more  complex  control.  It  has  been 
found  that  if  a  mixture  of  two  parts  water  to  one  part  alcohol  is  used, 
fuel  control  modifications  are  not  required.  Furthermore,  the  use  of 
alcohol  alleviates  the  cold  storage  problem. 
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Shaft  Horsepower 

Figure  18.  (U)  Estimated  Performance  —  Model  501-M26 
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(U)  Water-alcohol  augmentation  is  currently  being  used  for  the  Model 
T56-A-10W  engine  which  powers  the  Navy  P3A.  It  is  also  used  on  the 
Model  501-D13H  commercial  engine.  Based  on  experience  with  these 
engines,  the  percent  of  power  augmentation  versus  injectant-airflow  mas 
ratio  which  can  be  obtained  on  a  95°F.  day  is  shown  in  Figure  19.  It 
should  be  noted  that  the  slope  of  this  curve  tends  to  become  flat  above 
30-percent  augmentation,  indicating  the  limitation  of  this  method. 

(C)  The  considerations  leading  to  determining  the  amount  of  water- 
alcohol  required  for  the  hot-day  altitude  hover  condition,  using  three 
548-C2  engines,  are  shown  in  Table  3.  A  total  of  700  pounds  of  in- 
jectant  would  be  required.  The  weight  of  the  supporting  systems  (i.e.  , 
tank,  pump,  control,  and  plumbing)  is  dependent  upon  installation  and 
reliability  considerations.  Experience  with  similar  equipment  for  the 
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Figure  19.  (U)  Estimated  Water-Alcohol  Power  Augmentation 
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T56-A-10W  engine  indicates  that  a  hardware  weight  of  60  pounds  per 
engine  would  seem  reasonable.  Therefore,  the  water- alcohol  and  sup¬ 
porting  equipment  weight  for  a  three- engine  548-C2  powerplant  would 
be  880  pounds.  The  lift-off  weight  with  the  water-alcohol  system  and 
fluid  would  be  approximately  71, 300  pounds.  The  lift-off  weight  of  a 
comparable  transport  helicopter  using  four  548-C2  engines  would  be 
approximately  72,  000  pounds,  indicating  a  700-pound  savings  if  a 
three-engine,  water-alcohol  power  augmentation  system  is  used. 

TABLE  3 

(C)  WATER-ALCOHOL  POWER  AUGMENTATION  FOR  THREE 
MODEL  548-C2  ENGINES  AT  6000  FEET,  95°F.  (U) 


Initial 

Hover 

Midpoint 

Hover 

Gross  Weight — pounds 

70,400 

67, 000 

Power  Required — .shaft  horsepower 

11,  100 

10,400 

Power  Available — shaft  horsepower 

8,775 

•8,775 

Required  Augmentation— percent 

26.  5 

18.  5 

Water-Alcohol/Airflow  Mass  Ratio 

0.  05 

0.025 

Airflow — pounds  per  second 

19.  5 

19.  5 

Hover  Duration — minutes 

3 

2 

Water-Alcohol  Required — pounds  per  engine 

175  . 

58 

Water-Alcohol  Required — pounds  per  hover 
Total  Water-Alcohol  Required — pounds 

525 

174 

699 

(U)  The  major  disadvantage  in  employing  water-alcohol  for  power 
augmentation  is  that  de -ionized  water  is  required.  Use  of  untreated 
water  will  result  in  compressor  contamination  and  performance  deg¬ 
radation.  The  desirability  of  using  this  method  of  augmentation  de¬ 
pends  on  the  trade-off  between  the  logistic  problem  and  the  reduced 
weight  and  reduced  maintenance  requirement  for  a  three- engine 
powerplant. 

(U)  Power  augmentation  using  reheat  in  the  turbine  section  was  con¬ 
sidered.  This  could  be  accomplished  with  a  free-turbine  engine  by  in¬ 
stalling  a  diffuser  and  combustion  section  between  the  gas  producer  and 
power  turbines.  This  method  of  augmentation  would  utilize  engine  fuel 
and  eliminate  the  logistics  problems  associated  with  the  water-alochol 
approach. 
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(C)  A  performance  analysis  was  made  using  Model  548  characteristics 
to  determine  how  much  power  could  be  gained  with  reheat  and  the  at¬ 
tendant  performance  penalties  which  would  be  incurred  during  normal 
operation.  As  shown  in  Figure  20,  a  maximum  net  augmentation  of  20 
percent  can  be  obtained  if  reheat  is  used  to  increase  the  power  turbine 
inlet  temperature  to  2060°F.  Comparison  of  the  "with  reheat"  and 
"without  reheat"  curves  shows  an  8 -percent  power  loss  due  to  the  re¬ 
heat  diffuser  and  combustor  pressure  losses  during  normal  operation. 
These  losses,  as  indicated  by  the  curves,  are  reflected  in  the  output 
and  specific  fuel  consumption  throughout  the  operational  range  of  the 
engine. 
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Figure  20. 


(C)  Reheat  Power  Augmentation— Model  548-C2  (U) 
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(U)  To  accommodate  lower  density  gas  during  the  reheat  operation,  the 
power  turbine  inlet  area  must  be  increased  by  17  percent.  Therefore, 
variable  inlet  geometry  (with  its  attendant  development  problem)  must 
be  provided.  In  addition,  approximately  80  pounds  of  hardware  are  re¬ 
quired  per  engine,  and  cooling  air  must  be  provided  for  the  power  tur¬ 
bine  blades  and  vanes.  Because  of  the  relatively  low  power  gain  and  the 
attendant  performance  and  mechanical  problems,  reheat  is  not  recom¬ 
mended  ai  a  means  of  power  augmentation. 

(U)  Another  method  of  increasing  power  for  hot-day  operation  is  to  in¬ 
crease  the  turbine  inlet  temperature  and  engine  speed.  Figure  21  shows 
the  effect  of  increased  engine  speed  and  turbine  inlet  temperature  on  the 
shaft  power  of  a  Model  548  engine  operating  at  6000  feet  and  at  95°F. 
ambient.  As  shown  in  Table  3,  26.5-percent  power  augmentation  is 
needed  to  meet  the  altitude  hot-day  hover  requirement  of  the  transport 
mission  using  three  Model  548  engines.  As  indicated  in  Figure  21, 
this  degree  of  augmentation  would  require  increasing  the  turbine  inlet 
temperature  by  170°F.  and  the  engine  speed  to  104  percent  of  design 
speed.  This  increase  in  operating  limits  may  be  attainable  in  the  1970 
time  period. 

(U)  As  indicated  in  a  subsequent  section  titled  Number  of  Engines,  the 
use  of  three  501-M26  engines  would  require  approximately  8-percent 
augmentation  and  the  use  of  four  545- C2  engines  would  require  approxi¬ 
mately  4.4-percent  augmentation.  This  degree  of  augmentation  is 
readily  attainable  by  each  of  the  three  methods  discussed. 

(C)  REGENERATOR  ANALYSIS  (U) 


(U)  The  regenerator  for  the  Model  545  engine  is  a  high- effectiveness, 
low -pressure-drop,  lightweight,  compact  heat  exchanger  with  an  exhaust 
bypass  valve  controlled  by  the  power  lever. 

(U)  A  fixed,  tubular -type  heat  exchanger  was  selected  for  the  Model  545 
engine  based  on  Allison  experience  in  the  design  and  testing  of  the 
following; 

•  Full-scale  5500  equivalent  shaft  horsepower  fixed  tubular  regener¬ 
ator  engine  . 

•  Full-scale  4100  equivalent  shaft  horsepower  rotating  regenerator 

•  Subscale  fin- plate-type  regenerator 
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Engine  Speed  -  Percent  Normal 

Figure  21.  .(C)  Power  Augmentation  With  Increased  Turbine  Inlet 
Temperature  and  r.p.m.  —Model  548-C2  (U) 


(U)  A  fixed, tubular- type  regenerator,  as  shown  in  Figure  22,  was 
selected  for  the  Model  545  because  indications  were  that  the  rotating 
regenerator  could  not  meet  the  endurance  and  reliability  requirements 
in  the  specified  time.  Also,  the  fin  plate  was  considered  to  be  heavier, 
to  be  more  difficult  to  fabricate,  and  to  have  higher  thermal  stresses  than 
the  tube  type. 
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Figure  22.  (U)  Model  545  Regenerator  Flow  Path 


(U)  The  basic  heat  transfer  data  for  the  tube-type  regenerator  were 
based  on  experimental  and  analytical  data.  The  effectiveness  and 
pressure  drop  of  the  Model  545  regenerator  were  optimized  for  the 
missions  specified  by  the  U.  S.  Navy  for  the  Model  T78-A-2  regener¬ 
ative  engine.  The  resulting  design  is  not  necessarily  the  optimum  for 
other  missions  and  other  applications.  Therefore,  it  was  necessary  to 
resize  the  present  configuration  to  determine  the  optimum  configura¬ 
tion  for  the  various  HLH  missions.  For  the  optimization  study,  the  in¬ 
side  diameter  of  the  regenerator  was  held  constant  so  that  redesign  of 
the  turbine  diffuser  would  not  be  necessary  for  mating  the  engine 
and  regenerator.  Regenerator  weight  was  determined  over  a  range  of 
effectiveness  and  pressure  drop.  Figure  23  shows  the  resulting  rela¬ 
tionship  between  effectiveness,  pressure  drop,  and  core  weight  for  the 
tubular-type  design.  Core  weight  only  is  shown  in  Figure  23  because  it 
is  amenable  to  analytical  procedures.  A  factor  of  2.4  times  core  weight, 
based  on  Model  545  experience,  was  used  in  the  optimization  analysis  to 
determine  total  regenerator  weight. 
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Regenerator  Effectiveness— Percent 


Figure  23.  (U)  Tubular -Type  Regenerator  Characteristics 


(U)  Gross  weight  and  fuel  consumption  were  computed  (Figures  24,  25, 
and  26)  for  each  mission  over  a  range  of  effectiveness  and  pressure 
drop.  Use  of  regenerative  engines  would  result  in  a  reduction  in  lift¬ 
off  weight  and  fuel  used  or  an  extension  of  range  for  the  ferry  mission. 
The  range  of  the  heavy-lift  mission  is  such  that  use  of  regeneration 
does  not  show  any  reduction  in  gross  weight.  The  transport  mission 
would  benefit  only  slightly  with  some  regeneration.  However,  fuel  can 
be  saved  on  all  missions  if  a  regenerator  is  used.  The  magnitude  of 
this  savings  is  shown  in  the  Mission  Analysis  section  of  this  report. 

(U)  As  indicated  in  Figures  24,  25,  and  26,  there  is  an  optimum  re¬ 
generator  for  each  mission.  Thus,  one  regenerator  represents  a  com¬ 
promise  for  some  missions.  The  ferry  mission  needs  a  regenerator 
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Regenerator  Effectiveness 

Figure  24.  (C)  Regenerator  Optimization -Heavy-Lift  Mission  (U) 
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Figure  25.  (C)  Regenerator  Optimization— Transport  Mission  (U) 
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Total  Fuel  —  Pounds  Gross  Weight  —  Pounds 
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Figure  26.  (C)  Regenerator  Optimization— Ferry  Mission  (U) 
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Ferry  Mission 


with  a  higher  effectiveness  than  that  of  the  Model  545  and  the  transport 
would  optimize  at  a  lower  effectiveness.  Therefore,  the  Model  545 
would  be  a  reasonable  compromise. 

(U)  Table  4  compares  the  approximate  dimensions  of  the  optimum  re¬ 
generators  for  each  mission  with  that  of  the  Model  545. 


TABLE  4 

(U)  COMPARISON  OF  OPTIMUM  REGENERATORS  AND 
MODEL  545  PARAMETERS 


Model  545 

Ferry 

Transport 

Outside  Diameter — inches 

35 

34.7 

31.4 

Inside  Diameter — inches 

19.  2 

19.  5 

19.  5 

Length — inches 

56 

68 

47 

Core  Weight — pounds 

150 

300 

90 

Total  Weight — pounds 

376 

750 

225 

E  ffec  t  ivene  ss — pe  rc  ent 

72.6 

80 

65 

AP — percent 

10 

10 

15 

(U)  Regenerator  dimensions  and  weight  given  in  Table  4  were  obtained 
from  a  computer  design  program  used  in  sizing  the  Model  545.  It  is 
necessary  to  select  some  engine  power  setting  from  which  to  compare 
the  regenerators.  The  effectiveness  and  pressure  drops  presented  in 
Table  4  occur  at  92.5-percent  engine  speed  or  approximately  75-percent 
normal  power  setting. 

(U)  A  regenerative  free  turbine  implies  variable  turbine  geometry  to 
obtain  full  benefits  from  the  regenerator.  If  the  Model  548-C2  were  to 
be  equipped  with  variable  power  turbine  geometry  and  a  regenerator, 
its  performance  would  be  approximately  equal  to  the  Model  545. 

(C)  MISSION  ANALYSIS  (U) 

(U)  The  objectives  of  the  mission  studies  were  to  determine  the  number 
of  engines  required,  the  helicopter  gross  weight,  and  the  fuel  consumed 
for  specified  missions  using  various  engine  models.  The  effect  of  in¬ 
flight  shutdown  of  engines  and  the  use  of  hot-day  power  augmentation 
were  also  determined.  The  missions  defined  by  USAAML  are  given  in 
Table  5. 
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TABLE  5 

(U)  HLH  r  'TONS 


T  ransport 

Heavy  Lift 

Ferry 

Special  Heavy  Lift 

Payload  (Outbound),  tons 

!  2 

20 

n 

10 

Distance,  nautical  miles 

100  (radius) 

20  (radius) 

1500  (range)  100  (radius) 

Cruise  Velocity  (With  Pay¬ 

till 

Of) 

‘.* *5 

load),  knots 

(n 

est  for 

Cruise  Velocity  (Without 

j 

Ranee 

Payload',  knots 

130 

130  1 

1  30 

Cruise  Attitude- 

SLS 

Si  5 

SLS 

SIS 

Hover  Capability  (OGF) 

0000  feet,  h3°F. 

.SI  ‘V 

— 

SLS 

Hovering  Time,  minutes 

3  at  takeoff 

5  at  takeoff 

— 

5  at  takeoff 

2  at  midpoint 

1 0  at  destination 

1  0  at  destination 

Notes: 

(with  payload) 

(with  payload) 

(with  payload) 

Reserve  Fuel — in  percent  of  initial  fuel  for  all  missions 

Fuel  Allowance — for  start,  warm-up,  and  takeoff  per  A1IL-C-5011A  for  all  missions 
SLS — Sea  Level  Standard 
OGF — Out  of  Ground  Effect 


(U)  Method  of  Analysis 

(U)  Three  primary  and  interacting  factors  were  involved  in  the  mission 
analysis:  the  gross  weight  of  the  helicopter;  the  power  required  from 
the  engines  to  support  this  weight;  and  the  fuel  consumed  in  providing 
this  power.  These  factors  vary  with  time  and  operational  mode.  Be¬ 
cause  of  the  interacting  nature  of  these  parameters, an  iterative  process 
was  used.  This  process  is  described  in  detail  in  the  appendix —Mission 
Analysis  Method;  therefore,  only  the  basic  procedures  are  discussed  in 
the  following  paragraphs. 

(U)  Since  a  number  of  engine  models  and  configurations  were  con¬ 
sidered  for  the  various  missions,  it  was  necessary  to  establish  a  base¬ 
line  weight  for  an  empty  helicopter,  less  engines.  The  following  as¬ 
sumptions  were  used  in  establishing  this  baseline  value: 

•  Empty  weight/design  gross  weight  for  the  heavy-lift  mission — 

0.47 

•  Installed  engine  weight  equals  1.4  times  the  bare  engine  weight 

•  Specific  fuel  consumption  penalty — 5  percent 

•  Installation  power  loss — 5  percent 

•  Crew  and  trapped  fluid  weight — 700  pounds 

•  Fuel  reserve — 10  percent 

•  Additional  tankage  weight  for  ferry  mission  — 7.  5  percent  of  the 
difference  in  fuel  weight  between  transport  and  ferry  missions 
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(U)  Using  the  assumptions  noted,  the  lift-off  weight  was  established 
for  a  heavy-lift  mission  helicopter  powered  by  four  Model  548-C2  free- 
turbine  engines.  Once  the  lift-off  weight  was  established  by  the  itera¬ 
tive  process  described  in  the  appendix,  the  baseline  empty  weight  (less 
engines)  was  obtained  by  subtracting  the  fuel,  payload,  installed  en¬ 
gine,  and  crew  and  trapped  fluid  weights.  Using  this  procedure  the 
empty  weight  (less  engines)  was  found  to  be  approximately  34,700 
pounds, and  this  value  was  used  for  all  missions  and  engine  configura¬ 
tions  considered. 

(C)  Number  of  Engines  (U) 

(U)  The  number  of  engines  required  for  the  HLH  is  determined  by  the 
transport  mission,  6000-foot,  952F.  ambient  hover  requirement.  Rela¬ 
tive  to  sea  level  standard  day  performance,  the  power  required  to  lift 
a  given  load  is  increased  and  the  power  available  from  the  engines  is 
decreased  at  the  altitude  hot-day  conditions.  The  power  required 
versus  gross  weight  for  these  conditions  is  shown  in  Figure  27.  This 
relationship  was  determined  from  the  sea  level  standard-day  static 
power  requirements  established  by  USAAML  (see  Figure  1)  by  applying 
a  density  correction  to  power  and  to  gross  weight. 

(U)  The  effect  of  altitude  and  ambient  temperature  on  engine  shaft 
horsepower  is  shown  in  Figure  28.  The  shaft  horsepower  attainable  at 
6000-foot,  95 2F.  ambient  temperature  is  approximately  68  percent  of 
that  attainable  at  sea  level  standard-day  conditions.  This  power  deg¬ 
radation  is  typical  of  gas  turbine  engines,  unless  hot-day  ratings  or 
power  augmentation  is  employed. 

(U)  The  power  available  versus  number  of  engines  for  the  various 
models  studied  are  shown  in  Figures  29  through  33.  The  power  avail¬ 
able  from  each  engine  was  reduced  by  5  percent  from  that  shown  pre¬ 
viously  in  the  Performance  Analysis  subsection, to  allow  for  installation 
losses.  Three  lateral  lines  appear  on  each  figure.  The  upper  and 
lower  lateral  lines  show  the  power  required  for  the  transport  altitude 
hot-day  hover  for  helicopters  with  heavy-lift  design  gross  weights  of 
85,000  and  75,000  pounds,  respectively.  The  lift-off  weight  for  the 
transport  mission  varies  with  each  engine  model  and  is  no,  called  out 
on  the  curves.  The  dashed  lateral  line  shows  the  power  requireu  for  a 
helicopter  which  has  an  empty  weight  (less  engines)  of  34,700  pounds. 

It  is  believed  that  this  weight  is  representative  of  what  could  be  ex¬ 
pected  with  shaft-driven  heavy-lift  helicopters  in  the  1970  time  period. 
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Shaft  Horsepower 


Figure  27.  (U)  Power  Required  to  Hover  for  6, 000-Feet, 

95°F.  Ambient 


Ratio  of  Shaft  Horsepower  (Ambient  Temp 
to  Shaft  Horsepower  (Sea  Level  59°F) 


Figure  28.  (U)  Altitude  and  Temperature  Effect  on  Power 
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Horsepower  Available 
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Altitude  -  6000  Feet 
Ambient  Temperature— 90°F. 
Installation  Loss  -  5% 


Figure  29.  (C)  Number  of  Engines  Required— Models 
545-C2  and  545-C3  (U) 
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Horsepower  Available 
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Altitude  —  6, 000  Feet 
Ambient  Temperature-  95°F. 
Installation  Loss  5% 


Figure  30.  (C)  Number  of  Engines  Required— Models 
546-C2  and  546-C3  (U) 
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Horsepower  Available 
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Altitude  -  6, 000  Feet 
Ambient  Temperature-  95°F. 
Installation  Loss  —  5% 


Figure  31.  (C)  Number  of  Engines  Required— Model  548-C2  (U) 
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6, 000 
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2,000 


BT  Design  Gross  Weight 

L—  Empty  Weight 

Less  Engines  =  34,000  Pounds 
■■■■"■-75, 000-Pound 

Design  Gross  Weight 


12  3  4 


Number  of  Engines 


Figure  32.  (U)  Number  of  Engines  Required-  Model  501-M25 


Horsepower  Available 


Altitude-  6, 000  Feet 
Ambient  Temperature-  95°F. 


14,000 


12,000 


10,000 


8,000 


6,000 


4,000 


2,000 


Installation  Loss-  5% 


12  3  4 


- 85, 000-Pound 

Design  Gross  Weight 

^/Empty  Weight 
Less  Engines 
=  34,000  Pounds 

75, 000-Pound 
Design  Gross  Weight 


Number  of  Engines 


Figure  33.  (U)  Number  of  Engines  Required  -  Model  501 -M2  6 
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(U)  The  Model  T78  engine  which  is  now  being  developed  has  a  20  per¬ 
cent  growth  potential.  The  derivatives  of  this  engine — Models  545, 

546,  and  548 — are  expected  to  have  the  same  growth  potential.  This 
growth  can  be  achieved  without  major  redesign  or  development  by  in¬ 
creasing  the  turbine  inlet  temperature  and  airflow.  Therefore,  the 
power  anticipated  from  the  growth  versions  is  also  shown  in  Figures 
29,  30  and  31. 

(C)  Figure  29  indicates  that  four  Model  545  regenerative  engines  would 
be  capable  of  supplying  the  power  required  for  altitude  hot-day  hover  for 
a  helicopter  with  a  heavy-lift  design  gross  weight  (DGW)  of  approxi¬ 
mately  82,000  pounds.  The  growth  version  of  this  engine  would  pro¬ 
vide  power  in  excess  of  that  required  for  a  helicopter  with  a  DGW  of 
85,000  pounds. 

(C)  Four  Model  546  or  548  engines  would  be  capable  of  supplying  the 
power  required  for  a  helicopter  with  a  DGW  of  85,000  pounds.  Use  of 
three  engines  would  require  the  use  of  approximately  30-percent  power 
augmentation  for  transport  altitude  hot  day  hover. 

(U)  Figure  32  indicates  that  three  Model  501-M25  engines  could  supply 
sufficient  power  for  an  HLH  with  an  empty  weight/DGW  ratio  of  0.  47; 
however,  a  small  degree  of  power  augmentation  would  be  required  for 
an  8 5, 000- pound  helicopter. 

(U)  Use  of  three  Model  501-M26  engines  would  require  11- percent 
power  augmentation  to  meet  the  requirements  of  an  85, 000- pound  HLH. 
As  indicated  in  Figure  33,  no  power  augmentation  would  be  required 
for  a  78,000-pound  helicopter. 

(U)  The  results  of  this  study  indicate  that  a  powerplant  with  a  sea  level 
standard-day  static  rating  of  approximately  18,000  shaft  horsepower 
would  be  required  for  an  85,000-pound  HLH.  This  value  takes  into 
consideration  a  5-percent  installation  loss.  Therefore,  four  engines 
rated  at  4500  shaft  horsepower  or  three  engines  rated  at  6000  shaft 
horsepower  would  be  required  unless  some  means  of  power  augmenta¬ 
tion  is  employed. 

(C)  Gross  Weight  and  Fuel  Consumption  (U) 


(U)  The  gross  weight  and  fuel  consumption  for  the  specified  missions 
using  various  engine  models  are  presented  in  Figures  34  through  40. 
These  data  are  for  an  HLH  with  an  empty  weight  (less  engine  weight)  of 
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34.700  pounds,  as  explained  in  the  Method  of  Analysis  subsection.  All 
data  are  based  on  sea  level  standard-day  conditions. 

(U)  As  shown  in  Figure  34,  the  gross  weight  for  the  heavy-lift  mission 
varied  from  82,b00  to  84,900  pounds.  This  relatively  small  variation 
in  gross  weight  indicates  that  engine  and  fuel  weight  are  no*  predomi¬ 
nant  factors  in  this  mission.  This  is  because  of  the  short  range  (20- 
nautical-mile  radius)  and  the  heavy  payload  (20  tons). 

(U)  The  variation  in  gross  weight  for  the  transport  mission — 71,000  to 

73.700  pounds — increased  relative  to  that  of  the  heavy-  lift  mission. 
However,  the  duration  of  the  mission  was  not  sufficient  for  specific 
fuel  consumption  differences  to  show  a  significrnt  effect. 

(U)  As  the  helicopter  range  is  increased  and  the  fuel  weight  becomes  a 
sizable  percentage  of  the  gross  weight,  the  efLect  of  specific  fuel  con¬ 
sumption  becomes  significant.  As  shown  in  Figure  36,  the  gross  weight 
for  the  ferry  mission  ranged  from  83,  000  to  125,  000  pounds.  The 
sup  ,-rior  specific  fuel  consumption  of  the  regenerative  engines,  es¬ 
pecially  at  partial  power,  showed  a  groas-weight  reduction  of  12,500 
pounds  when  compared  to  the  best  nonregenerative  configuration. 

(C)  One  factor  which  must  be  considered  in  the  overall  analysis  of  the 
HLH  is  that  of  fuel  consumption  and  its  effect  on  logistics.  The  use  of 
regenerative  engines  will  result  in  fuel  savings  on  all  missions, as  in¬ 
dicated  in  Figures  36  through  40.  Table  6  shows  the  fuel  savings  re¬ 
sulting  from  the  use  of  the  Model  545-C2.  Similar  savings  would  re¬ 
sult  with  a  regenerative  free-turbine  engine. 

TABLE  6 

(C)  FUEL  SAVINGS  WITH  REGENERATION  (U) 
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Figure  34.  (C)  Heavy-Lift  Mission — Gross  Weight  (U) 


Empty  Weight  Less  Engines  =  34,700  Pounds 

- - 1  4  Engines  Installed- Operating 

1 - 1  100  Percent  of  Time  (Optimum  Regenerator) 

3  Engines  Installed— Shutdown 


CONFIDENTIAL 


spunod  -  mSxayW  sso.19 


54 

CONFIDENTIAL 


Figure  35.  (C)  Transport  Mission— Gross  Weight  (U) 
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Figure  37.  (C)  Heavy-Lift  Mission— Fuel  Required  (U) 
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Figure  38.  (C)  Transport  Mission — Fuel  Required  (U) 


Empty  Weight  Less  Engines  =  34,  700  Pounds 
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Figure  39.  (C)  Ferry  Mission — Fuel  Required  (U) 


Fuel  Used  —  Pounds 
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(U)  The  effect  of  deliberate  in-flight  engine  shutdown  on  range  was  in¬ 
vestigated.  This  procedure  has  been  successfully  used  with  multi- 
engine,  turbine- powered,  fixed-wing  aircraft  to  extend  range.  Use  of 
this  procedure  requires  that  the  remaining  engines  be  operated  at  a 
higher  power  level,  which  usually  results  in  a  lower  specific  fuel  con¬ 
sumption.  In-flight  shutdown  was  considered  acceptable  when  the  heli¬ 
copter  was  capable  of  climbing  at  a  rate  of  100  feet  per  minute  if  one 
of  the  remaining  engines  ceased  to  operate.  It  was  found  that  the  use 
of  this  procedure  would  save  fuel  on  all  missions  with  nonregenerative 
engines.  As  much  as  500  pounds,  1000  pounds,  and  13,000  pounds  of 
fuel,  and  therefore  gross  weight,  could  be  saved  on  the  heavy-lift,  trans¬ 
port,  and  ferry  missions,  respectively. 

(U)  A  reduction  in  the  number  of  engines  may  offer  an  advantage  from 
a  maintenance,  weight,  and  initial-cost  viewpoint.  Therefore,  mission 
studies  were  conducted  for  three-engine  helicopters, although  there  was 
insufficient  installed  power  for  the  transport  mission  altitude  hot-day 
hover.  To  meet  this  requirement,  power  augmentation  would  be  neces¬ 
sary.  Table  7  shows  the  savings  in  gross  weight  and  fuel  consumption 
when  three  rather  than  four  Model  548-C2  engines  are  used. 


TABLE  7 

(C)  EFFECT  OF  NUMBER  OF  ENGINES  ON  GROSS  WEIGHT  AND 
FUEL  CONSUMPTION— MODEL  548-C2  (U) 


Three 

Engines 

Four 

Engines 

Difference 

Percent 

Change 

Gross  Weight — pounds 

Heavy  Lift  Mission 

82,300 

83,700 

1,400 

1.7 

Transport  Mission 

70,400 

72,000 

1,800 

2.5 

Ferry  Mission 

100,  900 

103, 700 

2,  800 

2.7 

Fuel  Used — pounds 

Heavy  Lift  Mission 

3,515 

3,705 

190 

5.1 

Transport  Mission 

7,540 

7,965 

425 

5.4 

Ferry  Mission 

58, 200 

59,  830 

1,  630 

2.9 

(U)  In-flight  engine  shutdown  was  used  for  both  three-  and  four- engine 
studies.  Therefore,  the  savings  in  fuel  with  the  three- engine  configura¬ 
tion  was  not  as  pronounced  as  would  otherwise  be  expected. 
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(U)  The  data  presented  in  Table  7  are  for  sea  level  standard-day 
missions.  As  shown  in  the  subsection  titled  Power  Augmentation,  880 
pounds  must  be  added  to  provide  water- alcohol  power  augmentation  for 
the  transport  mission  altitude  hot-day  hover. 

(C)  To  determine  the  effect  of  regeneration  on  ferry  mission  range, 
the  lift-off  weight  of  a  helicopter  utilizing  Model  545-C2  (regenerative) 
engines  was  increased  to  that  of  a  helicopter  using  Model  548-C2  (non- 
regenerative)  engines.  It  was  assumed  that  the  difference  in  weight 
was  fuel.  Using  this  procedure,  it  was  found  that  the  1500- nautical- 
mile  ferry  range  was  extended  to  1950  nautical  miles. 

(C)  The  HLH  design  characteristic  description  specifies  a  design  load 
factor  of  2.5  for  the  heavy-lift  mission.  It  also  specifies  that  this 
factor  could  be  reduced  to  2.0  for  the  ferry  mission.  Therefore,  the 
ferry  mission  lift-off  weights  of  the  Model  548  and  Model  545  powered 
helicopters  were  increased  to  125  percent  of  the  heavy-lift-mission  de¬ 
sign  gross  weight.  This  increase  in  weight  was  made  up  of  fuel.  Use 
of  this  procedure  increased  the  helicopter  ferry  range  to  1514  nautical 
miles  for  the  Model  548-powered  helicopter  and  to  2012  nautical  miles 
for  the  Model  545- powered  helicopter,  thus  showing  the  marked  ferry 
range  increase  associated  with  the  use  of  regenerative  engines. 

(U)  The  preceding  data  were  computed  using  an  empty  weight  (less  en¬ 
gines)  of  34,  700  pounds.  This  weight  plus  the  installed  weight  of  four 
548-C2  engines  will  result  in  a  heavy-lift  mission  empty  weight/design 
gross  weight  ratio  of  0.47.  Figures  41  through  43  show  the  effect  of 
empty  weight/design  gross  weight  ratio  for  the  heavy -lift,  transport, 
and  ferry  missions.  By  assuming  an  empty  weight/gross  weight  ratio, 
it  is  possible  to  iterate  for  a  gross  weight  and  for  fuel  required — given 
any  empty  weight.  Therefore,  these  curves  may  be  used  to  extend  the 
mission  analysis  with  four  Model  548 -C2  engines. 
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Gross  Weight  -  Pounds 
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Four  Model  548-C2  Engines 

3,800 
3,  600 
3, 400 
3, 200 
3,000 


0.42  0.44  0.46  0.48  0.50 

Empty  Weight/Gross  Weight  Ratio 

Figure  41.  (C)  Effect  of  Empty  Weight/Gross  Weight  Ratio  - 
Heavy-Lift  Mission  (U) 
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Figure  42.  (C)  Effect  of  Empty  Weight/Gross  Weight  Ratio  -  Transport  Mission  (U) 


Gross  Weight  —  Pounds 
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Figure  43.  (C)  Effect  of  Empty  Weight/Gross  Weight 
Ratio— Ferry  Mission  (U) 
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Fuel  Required— Pounds 


(U)  CONTROL-SYSTEM  STUDIES 


The  control  system  studies  were  specifically  directed  toward  the 
features  of  the  HLH  that  were  anticipated  to  have  a  significant  influence 
on  control  system  design  and  operation.  These  features  included  multi- 
engine  clustering  with  output  shafts  mechanically  connected  and  a  large 
helicopter  rotor  system  with  appropriate  drive  shafting.  The  purpose 
of  these  studies  was  to  determine  if  these  features  imposed  or  produced 
any  requirements  or  characteristics  that  might  significantly  influence 
control  system,  engine,  or  power  transmission  design.  The  studies 
included  fixed-turbine,  free-turbine,  and  regenerative  engines.  The 
areas  of  investigation  are  described  in  the  following  paragraphs. 

CONTROL  MODE 


The  multiengine  configuration  and  the  helicopter  installation  impose 
certain  requirements  that  must  be  recognized  by  the  control  system. 

In  the  multiengine  configurations  considered,  the  output  shafts  of  the 
engines  are  mechanically  coupled  in  a  common  speed-reduction  gear¬ 
box.  The  result  is  that  during  powered  operation  all  engine  output 
shafts  operate  at  the  same  speed.  Overrunning  clutches  can  be  em¬ 
ployed  between  each  engine  power  shaft  and  the  helicopter  rotor  drive 
to  allow  automatic  disconnect  of  an  engine  in  the  event  its  power  level 
decreases  to  zero. 

The  HLH  application  dictates  the  following  operational  requirements 
that  are  pertinent  to  the  engine  control  system: 

•  Automatic  rotor  speed  governing 

•  Automatic  control  of  engine  power  matching 

•  Rapid  power  transients 

•  Autorotation  capability 

•  Ground  idle  operation  with  reduced  rotor  speed 

•  Ground  idle  operation  with  rotor  not  rotating 

•  Operation  in  flight  with  some  engines  shut  down 

The  explanation  of  the  control  considerations  involved  in  designing  a 
system  to  meet  these  requirements  is  presented  herein,  including  both 
free-turbine  and  fixed-turbine  engines. 
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Rotor  Governing  and  Control 


The  governing  concept  is  straightforward.  Engine  power  must  be  auto¬ 
matically  regulated  at  a  level  to  provide  a  specific  output  shaft  speed. 
This  can  be  accomplished  by  a  control  that  directly  senses  the  shaft 
speed  and  adjusts  the  engine  power  accordingly.  The  engine  power  can 
be  changed  by  varying  airflow  and/or  turbine  inlet  gas  temperature. 

The  load  (power  required)  is  established  by  the  helicopter  rotor  which 
is  directly  regulated  by  the  pilot.  This  section  provides  an  explanation 
of  the  governing  concepts  relative  to  the  free-turbine  and  fixed-turbine 
engines  as  associated  with  the  helicopter  application.  Also  included  is 
an  explanation  of  the  steady-state  and  transient  control  automatic  limit¬ 
ing  functions  required. 

Free  Turbine 


The  free-turbine  engine  allows  varying  the  airflow  along  with  the  turbine 
temperature  for  power  modulation  at  constant  output  shaft  speed.  The 
airflow  variation  is  accomplished  by  varying  gas  producer  speed.  A 
turbine  inlet  temperature  variation  is  required  to  achieve  the  variation 
in  gas  producer  speed.  The  output  shaft  is  connected  to  the  power  tur¬ 
bine.  The  free-turbine  engine  possesses  certain  steady-state  and  dy¬ 
namic  characteristics  that  must  be  recognized  in  the  selection  of  a 
governing  mode.  The  criteria  for  the  governing  mode  is  that  it  must 
restrict  steady-state  rotor  speed  variations  and  maintain  stable  opera¬ 
tion  throughout  the  power  range.  Also,  it  must  effectively  utilize  the 
full  engine  potential  during  load  transients  to  minimize  transient  rotor 
speed  variations. 

To  conform  with  the  requirements  of  the  application,  a  power  turbine 
governor  must  be  employed  to  accomplish  rotor  speed  control.  The 
setting  of  this  governor  must  be  variable  over  a  small  range  to  provide 
rotor  speed  trim  for  optimum  efficiency  and/or  coordination  with  col¬ 
lective  pitch.  A  gas  producer  governor  is  required  to  provide  limiting 
of  the  maximum  gas  producer  speed  during  normal  operation  and  to 
control  the  engine  during  ground  idle  where  the  helicopter  rotor  speed 
is  not  governed. 

Figure  44  illustrates  the  steady-state  control-characteristics  provided. 
With  the  gas  producer  governor  at  ground  idle,  the  engine  power  will 
not  be  sufficient  to  reach  rated  rotor  speed  at  minimum  collective  pitch 
(ground  operation).  With  the  gas  producer  governor  set  for  limiting, 
the  available  power  is  sufficient  to  accelerate  the  rotor  to  a  sper  d  where 
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the  power  turbine  governor  is  in  control.  The  speed  is  governed  by 
automatically  reducing  the  available  power  (gas  producer  speed)  to  a 
value  compatible  with  rotor  load. 

Because  of  the  requirement  for  sensing  two  different  spool  speeds  for 
control,  the  free-turbine  control  system  must  be  divided  into  two 
separate  components— the  gas  producer  and  power  turbine  governors. 
The  gas  producer  control  provides  speed  limiting,  ground  idle  govern¬ 
ing,  and  transient  fuel  limiting.  This  component  in  most  systems  con¬ 
tains  the  sole  fuel  metering  valve  in  the  system.  The  power  turbine 
governor  develops  a  governing  signal  to  be  transmitted  to  the  gas  pro¬ 
ducer  control  to  affect  fuel  metering.  The  stability  and  response  is 
then  associated  with  the  manner  in  which  the  power  turbine  governor 
signal  is  employed  to  regulate  shaft  horsepower.  Control  system  gains 
and  dynamics,  in  conjunction  with  the  engine  rotor  gains  and  inertias, 
must  be  designed  to  meet  the  steady-state  and  dynamic  requirements. 

On  many  high-performance  free-turbine  engines,  variable  compressor 
vanes  are  employed  to  allow  operation  at  high  pressure  ratio  at  maxi¬ 
mum  power  while  avoiding  compressor  surge  at  reduced  power.  In 
general,  variable  geometry  can  be  controlled  as  a  function  of  the  gas 


Maximum  Gas  Producer 
Governor  Setting  (Limiting) 


Power  Turbine  Speed 


Constant  Gas 
Producer  Speed 

Power  Turbine 
Governor  (Variable) 

Ground  Idle 
Governor  Setting 

Minimum  Collective 
(Load) 


Figure  44.  Free-Turbine  Steady-State  Characteristics 
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producer  speed.  However,  in  some  proposed  configurations,  airflow 
variation  is  accomplished  by  varying  the  compressor  geometry  while 
maintaining  constant  gas  producer  speed  {Allison  Model  548-C2).  In 
this  case,  the  power  turbine  governor  signal  is  employed  to  accomplish 
the  variable  geometry  reset  required  as  it  varies  metered  fuel  flow. 

Fixed  Turbine 

The  fixed- turbine  engine  is  a  single- spool  engine  that  is  mechanically 
connected  to  the  helicopter  rotor  system.  The  engine  must  be  operated 
at  constant  speed  to  provide  the  helicopter  characteristics  desired. 

The  power  level  is  changed  through  variation  of  the  turbine  inlet  gas 
temperature  with  airflow  remaining  constant,  (e.  g. ,  Model  T56). 

Unlike  the  free-turbine  engine,  an  engine  speed  change  is  not  required 
to  change  power.  Power  transients  require  only  a  change  in  turbine 
gas  temperature  (fuel  flow).  There  is  basically  only  one  acceptable 
way  to  regulate  speed,  and  that  is  with  a  governor  affecting  the  metered 
fuel  flow.  The  power  modulation  required  for  governing  of  the  fixed- 
turbine  powerplant  is  achieved  primarily  by  a  governor  operating  on 
engine  metered  fuel  flow.  As  rotor  speed  decreases  below  the  governor 
setting,  fuel  flow  is  increased  along  with  the  available  power.  Similarly, 
a  rotor  speed  increase  will  reduce  the  fuel  flow  and  power,  as  shown  in 
Figure  45. 

There  are  certain  engine  designs  that  allow  airflow  variation  while  at 
constant  engine  speed  and  turbine  inlet  temperature.  Airflow  can  be 
altered  by  variable  compressor  vanes  providing  power  modulation  (e.  g. , 
Model  T78  turboshaft  engine).  In  this  case,  the  governor  will  be  re¬ 
quired  to  control  both  the  fuel  flow  and  compressor  geometry. 

The  criteria  for  the  governing  mode  are  the  same  as  for  the  free-turbine 
engine.  The  controls  must  maintain  a  minimum  steady-state  rotor  speed 
variation  and  stable  operation  throughout  the  power  range  while  provid¬ 
ing  sufficient  power  response  to  minimize  transient  rotor  speed  varia¬ 
tions.  Since  am  engine  speed  variation  is  not  required  for  a  power 
change,  the  transient  power  response  is  dependent  only  on  the  response 
of  the  fuel  and  variable  compressor  geometry  control  systems.  A 
governor  is  required  that  directly  senses  the  engine  (and  rotor)  speed 
and  automatically  regulates  the  variable  compressor  vanes  and/or  fuel 
flow  accordingly.  The  governor  speed  setting  must  be  resettable  over 
a  small  speed  range,  similar  to  the  free-turbine  mode. 
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Engine  Speed 


Figure  45.  Fixed-Turbine  Steady-State  Characteristics 


Automatic  Limiting 


To  protect  the  engines  from  exceeding  their  structural  limitations,  the 
control  system  must  automatically  limit  their  operation.  A  turbine 
temperature  limiter  could  be  employed  to  prevent  steady-state  opera¬ 
tion  at  temperatures  greater  than  the  level  established  for  structural 
integrity  and  long  life.  Closed- loop  turbine  temperature  limiting  is 
accomplished  by  sensing  the  gas  temperature  with  thermocouples,  us¬ 
ing  an  electronic  amplifier  control  which  compares  the  sensed  tem¬ 
perature  signal  to  a  known  reference  signal  establishing  the  turbine 
temperature  error.  This  error  signal  is  then  transmitted  to  the  fuel 
control  to  limit  the  fuel  flow  accordingly.  This  feature  is  applicable  to 
the  single  governor  and  the  individual  governor  concepts,  both  for  free 
and  fixed-turbine  engines.  The  free-turbine  engine  control  would  pro¬ 
vide  a  gas  producer  governor  to  limit  its  speed.  This  would  be  accom¬ 
plished  by  regulating  the  fuel  flow  to  prevent  exceeding  the  maximum 
gas  producer  speed. 
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During  engine  power  transients,  engine  operation  must  be  limited  to 
prevent  compressor  surge,  limit  the  turbine  temperature,  and  prevent 
burner  blowout.  This  is  conventionally  accomplished  through  open-loop 
scheduling  of  the  fuel  flow  and  variable  compressor  geometry  as  a 
function  of  the  engine  speed  and  air  density.  The  HLH  application  does 
not  alter  these  requirements  from  those  of  other  applications  (such  as 
fixed  wing). 

Regenerative  Engines 


The  governing  requirements  and  concepts  are  not  affected  by  the  em¬ 
ployment  of  regeneration  on  the  fixed  turbine  and  free  turbine  engines. 
The  air  density  compensation  must  be  different  for  the  regenerative 
engines  to  compensate  for  dynamics  and  variations  in  the  regenerator. 
The  scheduling  parameters  and  type  of  scheduling  required  are  very 
similar  to  those  employed  on  the  Model  T78  engine  and  are  discussed 
further  in  the  subsection  titled  Fuel  Control  Operation  During  Starting. 

Clustered  Multiengine  Governing 


In  the  clustered  multiengine  power  system  for  the  HLH,  the  output 
shafts  are  mechanically  geared  together  so  that  during  normal  opera¬ 
tion  they  are  at  identical  speeds.  This  is  true  whether  they  are  free 
turbine  or  fixed  turbine  engines.  There  are  two  approaches  to  rotor 
speed  governing  that  are  applicable  to  a  mechanically  coupled  multi- 
engine  power  system.  They  are  applicable  to  either  the  free  turbine  or 
fixed  turbine  and  the  nonregenerative  or  regenerative  engines..  In  one 
concept,  each  engine  is  controlled  by  its  own  governor,  thus  requiring 
in-^xvidual  governors.  In  the  other  concept,  a  single  governor,  mounted 
on  the  combining  gearbox,  is  employed  to  reset  all  engine  controls 
equally  and  simultaneously.  The  reasons  for  considering  the  single 
governor  approach  is  that  it  would  simplify  the  system,  improve  the 
governing  accuracy  so  that  closed- loop  load  sharing  would  not  be  re¬ 
quired,  be  suitable  to  isochronous  governing,  and  provide  an  improve¬ 
ment  in  governing  stability.  The  purpose  of  this  subsection,  therefore, 
is  to  present  an  evaluation  of  the  single  and  individual  governor  con¬ 
cepts. 

Governor  Operation 


In  all  cases,  the  control  systems  must  be  designed  so  that  they  obtain 
maximum  power  from  all  engines  when  required.  Also,  zero  horse¬ 
power  operation  of  all  engines  must  be  obtainable  when  required. 
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Figure  46  illustrates  the  control  concepts  for  free  turbine  engines. 

For  both  the  single  and  individual  governor  approaches,  separate  gas 
producer  controls  and  electronic  temperature  controls  are  required  for 
each  power  section.  This  is  necessary  since  the  different  engines  in 
the  system  will  not  be  identical  in  their  steady-state  or  transient  char¬ 
acteristics.  The  control  and  limiting  of  each  engine,  therefore,  must 
be  based  on  parameters  sensed  specifically  at  each  individual  gas  pro¬ 
ducer.  The  throttle  lever  input  is  required  to  operate  the  mechanical 
fuel  cutoff  and  to  establish  the  gas  producer  governor  setting  for  limit¬ 
ing  and  for  ground  idle  operation.  The  gas  producer  speed  is  sensed  to 
enable  proper  limiting  during  accelerations  and  to  enable  governing  at 
ground  idle  and  limiting  of  the  maximum  speed.  Compressor  discharge 
pressure  and  compressor  inlet  temperature  are  sensed  to  provide  an 
air  density  bias  on  the  transient  fuel  schedules.  A  compressor  dis¬ 
charge  pressure  sense  is  preferred  since  it  provides  for  corrective 
action  in  the  event  of  a  compressor  surge  and  is  not  subject  to  probe 
icing  which  can  occur  at  the  compressor  inlet.  The  temperature  can 
be  sensed  at  either  the  compressor  inlet  or  discharge.  In  theory  the 
discharge  temperature  allows  more  accurate  scheduling;  however,  it 
requires  sensing  the  gas  of  a  moderately  high  temperature  level  and 
large  temperature  range.  Also^  discharge  temperature  sensing  can 
impose  undesirable  lags  during  engine  speed  transients  due  to  sensor 
and  servo  system  lag.  Compressor  inlet  temperature  sensing  is  de¬ 
sired  because  it  offers  a  more  favorable  temperature  level  and  range 
in  addition  to  an  insensitivity  to  engine  speed.- 

Turbine  temperature  limiting  is  accomplished  by  a  signal  generated  in 
the  electronic  temperature  controls  and  transmitted  to  the  gas  producer 
controls.  This  limiting  is  effectively  accomplished  by  reducing  the  fuel 
flow  on  the  specific  engine  involved  to  alleviate  the  overtemperature 
condition. 

The  input  (reset)  to  the  gas  producer  control  is  developed  in  the  power 
turbine  governor  to  provide  fuel  regulation  during  rotor  speed  govern¬ 
ing.  The  only  difference  between  the  single  and  the  individual  governor 
approaches  is  in  the  origin  of  the  reset  signal.  In  the  single  governor 
approach,  the  governor  is  mounted  on  the  combining  gearbox  (between 
the  overrunning  clutches  and  the  rotor),  and  its  signal  is  simultaneously 
and  equally  transmitted  to  all  of  the  gas  producer  controls.  As  rotor 
(power  turbine)  speed  varies,  a  reset  signal,  as  shown  in  Figure  47,  is 
generated  by  the  governor.  A  limit  on  the  governor  reset  is  provided 
to  prevent  excessively  low  turbine  temperatures  and  gas  producer 
speed  during  decoupled,  high  rotor  speed  operation. 
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In  the  individual  governor  system,  three  separate  power  turbine  gover¬ 
nors  are  employed  (on  a  three- engine  power  system),  with  each  inde¬ 
pendently  generating  a  reset  signal  for  transmission  to  a  specific  gas 
producer  control.  The  power  turbine  governors  are  mounted  on  acces¬ 
sory  gear  drive  systems  of  the  power  turbine. 

In  the  fixed-turbine  system,  there  is  no  specific  requirement  that  the 
rotor  governor  be  a  component  separate  of  the  fuel  control.  In  fact,  on 
a  single-engine  application,  this  results  in  unnecessary  complexity. 
Figure  48  illustrates  the  single-  and  individual -governor  concepts  for  a 
fixed-turbine  engine.  The  conventional  approach  is  to  employ  individual 
governors  that  are  contained  in  the  fuel  controls.  When  considering  a 
clustered  engine  application,  however,  there  are  certain  advantages  of 
a  single  governor  (relative  to  load  sharing  and  isochronous  operation) 
that  require  further  evaluation.  Similar  to  the  free-turbine  engine,  a 
single  governor  is  mounted  on  the  combining  gearbox.  The  output 
signal  generator  is  mounted  on  the  combining  gearbox.  The  output 
signal  is  transmitted  to  the  individual  fuel  controls  to  regulate  their 
fuel  metering  valves.  Figure  49  illustrates  the  type  of  scheduling  that 
could  be  employed  in  a  single-governor  approach.  Engine  speed  must 
also  be  sensed  in  each  fuel  control  to  provide  proper  scheduling  during 
starting  and  engine  acceleration.  This  is  necessary  because  the  sys¬ 
tem  must  be  capable  of  individual  engine  startup  while  decoupled  from 
the  combining  gearbox. 

Compressor  air  pressure  and  temperature  signals  are  employed  to 
bias  the  fuel  scheduling  according  to  air  density.  Compressor  dis¬ 
charge  pressure  (CDP)  and  temperature  (CDT)  on  a  nonregenerative 
engine  theoretically  provide  the  most  accurate  scheduling  of  fuel  flow 
to  achieve  a  turbine  temperature.  Use  of  these  fuel  scheduling  param¬ 
eters  may  be  most  desirable  for  HLH  application.  The  turbine  inlet 
temperature  is  sensed  for  use  in  providing  closed- loop  limiting  of  each 
individual  power  section. 

The  gas  producer  controls  and  the  engines  do  not  possess  identical 
characteristics.  The  result  of  this,  illustrated  in  Figure  50,  is  char¬ 
acteristic  for  single  governor  or  individual  governors,  and  for  fixed- 
and  free-turbine  engines.  At  the  high  power  levels  and  small  reset 
signals,  the  engines  are  operating  at  high  turbine  temperatures.  If  en¬ 
gine  1  reaches  the  turbine  temperature  limiter  setting  and  the  power 
turbine  speed  further  droops  off  (increased  load),  the  power  level  of 
engine  1  will  not  increase.  However,  reducing  the  reset  signal  will 
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Figure  47.  Power-Turbine  Governor  Characteristic 


continue  to  increase  the  power  levels  of  the  engines  that  are  not  tem¬ 
perature  limiting.  Thus,  the  maximum  available  power  is  the  total  that 
all  three  engines  can  develop  when  operating  at  maximum  turbine  tem¬ 
perature. 

Similarly,  as  shown  in  Figure  51,  all  three  engines  will  not  reach  zero 
power  and  decouple  at  the  same  reset  signal  level.  Engines  2  and  3  can 
decouple  while  the  rotor  system  is  still  requiring  positive  power  from 
engine  1.  A  further  increase  in  rotor  speed  is  required  to  obtain  de¬ 
coupling  of  all  engines  from  the  rotor  system. 

The  result  of  this  difference  between  controls  and  engines  is  a  higher 
steady  state  rotor  speed  variation  to  cover  the  range  of  powers  from 
maximum  to  zero  power.  Also,  load  sharing  by  each  engine  is  not 
equal.  The  gas  producer  controls  and  power  turbine  governor  must  be 
designed  with  sufficient  range  of  reset  to  enable  operation  of  the  com¬ 
plete  power  system  from  zero  to  maximum  power. 

Governing  Accuracy 

A  study  of  multiengine  governing  was  conducted  comparing  a  single 
high  gain  governor  with  three  separate  governors  to  simultaneously 


75 


and  equally  reset  three  low- gain  controls  (on  a  three- engine  configura¬ 
tion).  The  purposes  of  the  study  were  (1)  to  determine  which  concept 
would  provide  the  most  accurate  matching  of  engines  when  considering 
production  control  scheduling  tolerances,  and  (2)  to  determine  the  mag¬ 
nitude  of  their  differences  to  allow  evaluation  of  the  concepts.  The 
analysis  was  conducted  for  both  the  free  turbine  and  the  fixed  turbine 
engines  and  was  based  on  a  governor  designed  with  a  nominal  droop  of 
5 -percent  speed  from  maximum  to  zero  power. 

Fixed  Turbine 

The  fixed-turbine  fuel  flow  must  be  varied  from  100  percent  at  maxi¬ 
mum  power  to  approximately  30  percent  (of  maximum  flow)  at  zero 
power  and  constant  100-percent  engine  speed.  Experience  has  indi¬ 
cated  that  suitable  control  governors  with  a  5 -percent  total  droop 
will  have  a  gain  variation  in  production  equivalent  to  plus  or  minus 
0.5- percent  speed  at  minimum  flow  when  set  exactly  on  point  at  maxi¬ 
mum  flow.  This  will  result  in  a  maximum  potential  difference  of  12.5 
percent  (of  maximum  fuel  flow)  between  any  two  governors.  In  addition 
to  governor  gain  variation,  hysteresis  also  affects  governor  variations. 
Assuming  a  total  hysteresis  of  0.25-percent  speed,  the  variation  of  fuel 
flow  will  be  3.5  percent  (of  maximum)  throughout  the  speed  range.  At 
the  minimum  power  condition,  this  is  additive  with  the  gain  variation 
effect,  producing  a  total  potential  engine- to- engine  fuel  flow  variation  of 
16.0  percent  (of  maximum).  See  Figure  52. 

By  using  a  single,  high  gain  governor  to  develop  and  transmit  a  signal 
to  operate  three  separate  fuel  valves,  the  governor  gain  and  hysteresis 
tolerance  is  eliminated  in  terms  of  its  effect  on  matching  of  the  output 
of  the  three  control  systems.  The  relevant  control  tolerance  is  that  of 
scheduling  fuel  flow  as  a  function  of  reset  signal.  A  typical  tolerance, 
including  hysteresis,  for  this  low  gain  scheduling  mechanism  is  plus  or 
minus  2  percent  of  maximum  fuel  flow  over  the  entire  flow  range. 

Thus  the  variation  in  fuel  flows  between  the  engine  controls  could  be 
4  percent  over  the  full  power  range,  See  Figure  53. 

A  comparison  of  the  two  governing  concepts  is  presented  in  Table  8  for 
the  fixed-turbine  engine. 

The  variations  in  power  indicated  are  solely  due  to  the  control  varia¬ 
tions  and  do  not  include  engine  variations.  At  maximum  power,  the  two 
concepts  are  essentially  of  equal  accuracy.  However,  at  low  powers 
the  single  governor  is  more  accurate,  allowing  only  one-fourth  of  the 
fuel  flow  variation  of  individual  governors. 
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Figure  49.  Fixed-Turbine,  Single  Governor  Scheduling 
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TABLE  8 

COMPARISON  OF  TOTAL  FUEL  FLOW  AND  TOTAL  POWER 
VARIATIONS— FIXED  TURBINE 


Governor  Concept 

Power  Level 

Total  Fuel 
Flow  Variation 
(%  of  Maximum) 

Total  Power 
Variation 
(%  of  Maximum) 

Single  Governor 

Maximum 

4.0 

5.7 

Minimum 

4.0 

5.7 

Individual  Governors 

Maximum 

3.5 

5.0 

Minimum 

16.0 

23.0 

Free  Turbine 


The  free-turbine  control  in  the  HLH  will  employ  the  reset  mode  where¬ 
by  the  power  turbine  governor  develops  a  signal  to  reset  the  gas  pro¬ 
ducer  control.  This  governing  mode  is  applicable  to  both  the  single¬ 
governor  and  individual- governor  concepts. 
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The  individual-governor  approach  involves  the  summation  of  the  toler¬ 
ances  of  the  power  turbine  governor  (both  gain  variations  and  hystere¬ 
sis)  and  the  reset  mechanisms  of  the  gas  producer  control.  Similar  to 
the  governor  for  the  fixed  turbine  engine,  the  gain  variation  is  equiva¬ 
lent  to  plus  or  minus  0.5-percent  power  turbine  speed  at  zero  power 
(maximum  reset),  assuming  precise  speed  setting  at  maximum  power 
(zero  reset).  Also,  a  governor  hysteresis  of  0.25-percent  power  tur¬ 
bine  speed  over  the  full  reset  range  (Figure  54)  would  be  encountered. 
The  gas  producer  reset  scheduling  accuracy,  including  hysteresis,  is 
in  the  order  of  1  percent  in  speed  over  the  complete  range.  For  an 
engine  that  utilizes  a  gas  producer  speed  variation  of  from  100  percent 
at  maximum  power  to  80  percent  at  zero  power  (20-percent  speed 
range),  the  maximum  production  variation  could  cause  as  much  as  a 
6  percent  gas  producer  speed  difference  between  engines  at  low  en¬ 
gine  powers.  At  maximum  power,  the  speed  difference  is  1.5  percent. 

The  single-power-turbine-governor  approach  eliminates  the  effect  of 
production  variations  of  this  high  gain  device,  thus  greatly  improving 
system  accuracy.  In  this  concept,  a  single  governor  mounted  on  the 
combining  gearbox  will  equally  and  simultaneously  reset  all  three  gas 
producer  controls.  The  variations  in  the  reset  mechanisms  would  be 
the  sole  contribution  by  the  control  system  to  unbalancing  the  engine 
powers.  (See  Figure  55. )  This  concept  results  in  a  difference  between 
engines  of  approximately  1  percent  in  gas  producer  speed  throughout 
the  power  range. 

A  comparison  of  the  two  governing  concepts  is  presented  in  Table  9. 


TABLE  9 

COMPARISON  OF  TOTAL  FUEL  FLOW  AND  TOTAL  POWER 
VARIATIONS— FREE  TURBINE 


Governor 

Concept 

Power  Level 

Total  Gas  Producer 
Speed  Variation 
(%  of  Maximum) 

Total  Power 
Variation 
(%  of  Maximum) 

Single 

Maximum 

1.0 

5.0 

Governor 

Minimum 

1.0 

5.0 

Individual 

Maximum 

2.0 

10.0 

Governors 

Minimum 

5.5 

27.5 
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Power  Turbine  Governor  Gas  Producer  Control  No.  1 


Figure  55.  Control  Vari  ?tions  With  Single  Governor— Free  Turbine 


Assuming  a  linear  power- gas  producer  speed  relationship  at  minimum 
power  the  5.5-percent  gas  producer  speed  would  be  equivalent  to  27.5- 
percent  power  variation  between  engines  with  individual  power  turbine 
governors.  Power  variation  with  a  single  governor  would  be  in  the 
order  of  5  percent  at  minimum  power,  one-sixth  of  that  of  the  in¬ 
dividual-governor  approach. 

In  summation,  the  single-governor  approach  would  provide  a  significant 
improvement  in  control  system  matching  on  a  multiengine  powerplant. 
This  is  true  for  both  the  fixed-  and  free -turbine  powerplants. 

System  Considerations 


The  purpose  of  this  subsection  is  to  introduce  certain  system  features 
that  require  consideration  in  governing.  One  of  these  is  the  effect  oi 
engine  layout  on  the  governor  system.  With  the  free  turbine  engine 
there  are  two  configurations  that  appear  prominent.  In  one  the  power 
turbines  are  mounted  on  the  aft  end  of  the  gas  producer  with  their  out¬ 
put  shafts  connected  to  the  combining  gearbox.  In  the  other,  the  power 
turbines  are  mounted  on  the  combining  gearbox,  with  the  gases  from 
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each  gas  producer  ducted  and  confined  to  their  specific  power  turbine. 

In  both  configurations,  the  gas  producer  exhaust  gases  are  ducted  and 
confined  to  their  specific  power  turbine. 

With  the  latter  engine  design  the  governor(s)  must  be  mounted  on  the 
combining  gearbox  because  the  turbines  are  an  integral  part  of  this  as¬ 
sembly.  The  gearbox- mounted  turbine  design  could  utilize  a  somewhat 
simpler  governing  system  by  the  use  of  a  single  governor  mounted  on 
the  combining  gearbox.  The  output  of  this  governor  would  be  trans¬ 
mitted  (probably  hydraulically)  to  all  gas  producer  controls.  A  single 
governor  can  be  employed  if  the  speed  sensing  location  is  such  that  the 
overrunning  clutches  are  between  the  power  turbines  and  the  speed 
pickup.  Speeds  of  all  power  turbines,  except  those  that  are  decoupled, 
are  indicated  from  this  location.  With  the  individual-governor  approach, 
the  control  hardware  would  be  increased  by  virtue  of  the  extra  power 
turbine  governors.  This  would  also  complicate  the  gearbox  and  trans¬ 
mission  system  because  of  the  three  (or  four)  mounting  locations  and 
gear  drives  required. 

For  the  free-turbine  design,  with  the  power  turbine  and  gas  producer 
constructed  as  an  integral  assembly,  the  power  turbine  speed  could  be 
sensed  on  each  engine.  A  power  turbine  accessory  drive  must  be  pro¬ 
vided  for  a  lubricating  pump  for  the  turbine  rotor;  the  power  turbine 
governor  can  be  driven  from  the  same  accessory  drive  system.  The 
individual-governor  approach  would  result  in  engines  that  include  the 
complete  gas  turbine  and  control  system  intact.  This  feature  would 
provide  certain  benefits  in  engine  testing  and  field  replacement.  The 
single-governor  approach  could  be  employed,  but  the  governor  would 
have  to  be  mounted  on  the  combining  gearbox  (between  helicopter  rotor 
and  overrunning  clutches)  to  provide  proper  operation  with  any  de¬ 
coupled  engines.  The  governor  signal  would  have  to.be  transmitted 
over  a  somewhat  larger  distance  than  for  a  system  with  individual 
governors  driven  by  the  turbine  accessory  drives. 

Another  free-turbine  configuration  considered  is  one  which  would  utilize 
a  single  power  turbine  mounted  directly  on  the  combining  gearbox,  with 
the  gas  flow  from  alj  gas  producers  being  ducted  into  this  turbine.  This 
configuration  would  utilize  the  single-governor  concept  since  there 
would  be  only  one  power  turbine.  The  operational  characteristics  and 
considerations  would  be  essentially  the  same  as  those  for  the  multi- 
turbine  configuration  with  the  single -governor  concept.  Air  valves 
may  be  required  to  regulate  the  airflow  path  when  operating  with  one 
or  more  gas  producers  shut  down. 
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The  fixed-turbine-engine  control  system  requires  that  each  individual 
fuel  control  sense  engine  speed  for  transient  scheduling,  and  thus  could 
be  employed  within  the  control  for  governing.  The  single -governor  ap¬ 
proach  could  be  employed,  but  similar  to  the  integral  assembly  free 
turbine,  the  governor  would  have  to  be  mounted  on  the  combining  gear¬ 
box.  The  governor  signal  would  then  have  to  be  transmitted  and  em¬ 
ployed  in  the  fuel  controls  to  effect  the  fuel  metering.  In  this  case,  the 
single -governor  approach  may  require  more  hardware  components  than 
the  individual-governor  approach. 

Another  system  consideration  is  the  ability  for  varying  the  governed 
speed  of  the  helicopter  rotor  and/or  trimming  the  governor  setting  to  pro¬ 
vide  truly  constant  speed  governing.  With  a  single  governor,  the  input 
signal,  whether  a  mechanical  throttle  lever  or  electrical  governor  re¬ 
set,  can  be  transmitted  to  a  single  component.  This  eliminates  the 
problems  associated  with  unequal  reset  of  governors  in  an  individual 
governor  control  system.  Also,  location  of  the  single  governor  on  the 
combining  gearbox  should  simplify  system  mechanization. 

If  constant  rotor  speed  operation  is  required,  the  system  must  employ 
either  an  isochronous  governor  or  a  coordinated  collective  pitch- gover¬ 
nor  reset  system  (discussed  in  detail  in  a  later  subsection).  In  both 
concepts,  the  single-governor  approach  would  be  more  suitable  than  in¬ 
dividual  governors.  For  the  isochronous  governor  approach,  it  would 
enable  simpler  mechanization.  For  the  coordinated  system,  the  sched¬ 
uling  accuracy  would  be  greater  and  the  mechanization  simpler. 

Governor  Failure  Considerations 


With  the  individual  governor  approach,  the  loss  or  failure  of  one  of  the 
governors  such  that  the  associated  engine  t power  is  decreased  to  zero 
would  not  detrimentally  affect  the  availability  of  the  power  of  the  other 
engines.  Instead,  the  power  of  the  remaining  engines  would  automati¬ 
cally  be  increased  by  their  governors  as  necessary  to  support  the  load. 
In  the  single -governor  approach,  the  failure  of  this  device  could  result 
in  a  power  reduction  in  all  engines.  There  would  be  no  means  available 
for  recovering  the  power  unless  governor  operation  could  be  disarmed 
by  the  pilot,  or  a  manual  control  provided. 

If  governor  failure  calls  for  maximum  power  (in  the  individual  governor 
system),  the  other  engines  would  be  automatically  controlled  by  their 
governors,  reducing  the  power  level  as  required  to  support  the  load. 
Should  the  load  be  less  than  the  power  available  from  the  single  engine 


86 


operating  at  maximum  power,  governing  could  be  overridden  by  the 
pilot-controlled  throttle  lever.  The  pilot  could  modulate  down  to  ground 
idle  (essentially  zero  power)  by  "twist- grip"  operation  of  the  fuel  con¬ 
trol  throttle  levers,  thus  manually  controlling  the  rotor  speed.  This 
type  of  manual  power  control  could  also  be  employed  in  a  single  gover¬ 
nor  system  with  a  governor  failure  that  selects  maximum  power. 

Load  Sharing 


Load  sharing  refers  to  the  balancing  of  the  engine  powers  in  a  clustered 
configuration  so  that  the  load  is  equally  shared.  In  a  clustered  engine 
configuration  with  the  output  shafts  mechanically  connected  so  that  they 
operate  at  identical  speeds,  load  sharing  can  be  accomplished  either  by 
open-loop  or  closed-loop  control.  The  purpose  of  this  subsection  is  to 
present  an  evaluation  of  the  two  concepts. 

It  is  characteristic  of  gas  turbine  engines  that  their  power  and  turbine 
temperature  relationships  vary  somewhat  in  production.  If  the  engines 
are  controlled  to  operate  at  identical  powers,  they  will  not  necessarily 
be  at  the  same  turbine  temperatures  (or  gas  producer  speeds  with  a 
free-turbine  engine).  This  characteristic  must  be  recognized  when 
evaluating  load  sharing. 

Open-loop  load  sharing  relies  on  the  accuracy  with  which  engine  per¬ 
formance  characteristics  can  be  predetermined  and  the  control  system 
prescheduled.  Closed-loop  load  sharing  would  entail  sensing  the  per¬ 
formance  of  each  engine,  comparing  performance  to  a  "master,"  and 
trimming  the  control^  of  the  "slave"  engine  so  that  they  are  sharing  the 
load  equally. 

Open  Loop 


The  open-loop  evaluation  was  directed  towards  establishing  the  accuracy 
of  matching  that  could  be  accomplished,  considering  engine  and  control 
variations  in  production.  Allison  production  test  data  were  utilized  in 
establishing  the  gas  turbine  engine  variations  in  production.  The  data 
accumulated  relative  to  the  T56  and  T63  production  engine  performance 
variations  indicate  that  the  engines  possess  a  similar  power  variation 
in  production.  For  the  T56  this  is  a  maximum  of  10-percent-of -point 
total  variation  in  power  level  at  a  specific  fuel  flow.  For  the  T63  this 
is  a  maximum  of  10-percent-of-point  total  variation  in  power  level  at  a 
specific  gas  producer  speed  (see  Figure  56). 
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Figure  56.  Power  Level  Variation 


Power 


Figure  57.  Power  Gain  Variation 


The  variation  in  the  gains  of  power  to  fuel  flow  and  gas  producer  speed 
was  found  to  be  small,  being  equivalent  to  approximately  plus  or  minus 
1.5  percent  of  maximum  power  (around  nominal)  in  the  minimum  power 
range.  See  Figure  57.  This  is  true  for  both  the  T56  and  T63  engines. 

The  control-system  production  variations  were  defined  previously. 

The  engine  and  control-system  production  variations  must  be  combined 
in  arriving  at  the  potential  total  variations  that  could  be  experienced 
with  open-loop  load  sharing.  The  accuracy  can  be  enhanced  by  special 
system  consideration.  For  example,  the  control-system  variations 
would  be  greatly  reduced  by  the  single -governor  control  system,  as 
compared  to  individual  governors.  This  is  true  for  both  the  fixed-  and 
free -turbine  engines.  Also,  the  power  level  variations  between  engines 
could  be  adjusted  in  the  rigging  of  the  engines  in  the  helicopter. 

The  tabulation  presented  in  Table  10  indicates  the  maximum  potential 
variation  in  power  between  engines  with  fixed  and  free  turbines  and  with 
single  and  individual  governors.  These  data  include  production  engine 
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TABLE  10 

MAXIMUM  POTENTIAL  VARIATION  IN  POWER  BETWEEN 
ENGINES  WITH  FIXED  AND  FREE  TURBINES  AND 
WITH  SINGLE  AND  INDIVIDUAL  GOVERNORS 


Total  Power  Variation  (%  of  Maximum) 
Engine  Design  Power  Level  Single  Governor  Individual  Governor 


Fixed  Turbine  Maximum  5.7 

Fixed  Turbine  Minimum  8.7 


5.0 

26.0 


Free  Turbine  Maximum  5.0 

Free  Turbine  Minimum  8.0 


10.0 

30.5 


gain  variations,  but  not  differences  in  power  levels.  These  data  indi¬ 
cate  that  the  power  unbalance  could  be  minimized  by  selection  of  the 
single-governor  control  concept  over  that  which  would  be  obtained  with 
individual  governors. 


Closed  Loop 


Closed-loop  load  sharing  could  be  accomplished  by  sensing  the  engine 
torques,  comparing  the  levels  in  a  load-sharing  computer,  and  utilizing 
the  signals  generated  by  the  computer  to  trim  the  governor  settings  of 
the  appropriate  fuel  control.  The  conventional  approach  is  to  maintain 
one  engine  as  a  master,  operating  the  other  engines  as  slaves.  The 
shaft  torque  of  each  engine  would  be  sensed  and  transmitted  to  an  elec¬ 
tronic  load-sharing  control.  In  this  control,  the  torque  signal  of  each 
slave  engine  is  compared  with  the  signal  from  the  master  engine.  The 
error  signals  generated  would  be  transmitted  to  the  appropriate  fuel 
controls  to  trim  the  fuel  scheduling,  thereby  matching  the  power  output 
of  the  slave  engines  to  the  master. 


Load  sharing  would  be  mechanically  limited  in  the  fuel  controls  to  pro¬ 
tect  against  electronic  control  failures.  In  case  electronic  control 
failure  did  occur,  it  would  have  the  effect  of  slightly  changing  the 
governor  speed  setting  (Figure  58).  This  would  not  prevent  being  able 
to  obtain  maximum  power  from  the  power  system,  nor  would  it  pre¬ 
vent  obtaining  zero  power.  The  effect  would  be  that  a  somewhat  larger 
rotor  speed  droop  would  be  experienced  in  modulating  power  from  zero 
to  maximum.  This  is  illustrated  by  Figure  59,  which  assumes  one 
control  system  reset  to  the  full  lean  condition.  The  increase  in  gover¬ 
nor  droop  is  equal  to  effective  reset  of  the  governor  (caused  by  the 
control  failure). 
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Figure  58.  Load  Sharing  Trim  Range 


Figure  59.  Effect  of  Full  Lean  Governor  Setting  of  One  Engine 
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A  similar  result  will  occur  if  the  master  engine  has  a  low  power  out¬ 
put  versus  turbine  temperature  characteristic.  The  turbine  tempera¬ 
ture  limiter  would  automatically  limit  the  output  of  this  engine,  and  the 
load-sharing  control  would  attempt  to  prevent  operation  of  the  other  en¬ 
gines  at  any  power  level  greater  than  the  master  engine.  The  result 
would  be  that  the  other  engines  would  have  their  fuel  controls  reduced 
toward  the  minimum  setting  (maximum  reset  lean),  effectively  setting 
their  governors  to  a  lower  speed  setting.  Figure .6.0  illustrates  that  a 
rotor  speed  dead-band  region  would  occur  until  the  fuel  control  me¬ 
chanical  reset  limit  prevents  further  fuel  control  leaning. 

The  response  of  the  load-sharing  control  should  be  slow  to  prevent  it 
from  destabilizing  governing  operation.  The  power  transient  response 
of  the  engines  would  not  be  dependent  on  the  response  of  the  load  shar¬ 
ing  function,  for  it  would  not  affect  the  availability  of  maximum  and 
minimum  power. 

The  free-turbine  configuration  employing  a  single  power  turbine,  gas- 
coupled  to  multiple  gas  producers,  would  require  sensing  some  param¬ 
eter  other  than  shaft  torque  for  closed-loop  load  sharing.  One  approach 
would  be  to  match  the  turbine  temperatures  of  the  engines  by  an  auto¬ 
matic  control. 


Figure  60.  Effect  of  Load  Sharing  Master  Being  Low  in  Power  Output 
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Isochronous  Governing 


A  requirement  of  the  HLH  engine  control  system  is  that  automatic 
rotor  speed  governing  be  provided,  with  the  engine  controls  regulating 
the  power  according  to  the  load.  A  conventional,  proportional  (droop) 
governor  would  require  a  small  variation  of  engine  and  rotor  speed  to 
match  the  rotor  load,  with  the  gain  of  the  governor  being  established  to 
provide  stable  operation  (Figure  61).  The  rotor  speed  would  then  vary 
with  the  power  level  and  ambient  conditions.  Constant  rotor  speed 
operation  is  desirable,  independent  of  power  level  and  ambient  condi¬ 
tions.  This  can  be  accomplished  by  open-loop  or  closed-loop  methods. 

Coordinated  Collective  Governor  Levers 


One  open-loop  concept  that  is  widely  employed  involves  resetting  the 
governor  by  the  collective  pitch  according  to  a  predetermined  schedule 
(see  Figure  62).  This  approach  would  allow  trimming  out  the  droop  of 


Figure  61.  Available  Horsepower  With  a  Proportional  Governor 
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the  governor,  but  would  not  compensate  for  the  effect  of  ambient  condi¬ 
tions  or  airspeed.  Also,  the  predetermined  schedule  must  be  based  on 
all  engines  operating,  and  it  would  result  in  governing  at  a  lower  speed 
when  any  engine  is  shut  down  (Figure  63).  The  reason  for  the  speed 
variation  is  that  neither  the  governor  lever  setting  nor  the  collective 
pitch  positions  are  true  indicators  of  available  power  or  load. 

The  coordinated  lever  scheme  introduces  a  desirable  lead  into  the  sys¬ 
tem  on  load  transients.  The  change  in  collective  pitch  initiates  a  fuel 
flow  change  before  a  speed  change  occurs,  thus  tending  to  minimize 
transient  rotor  speed  variation.  As  was  previously  indicated,  in  this 
scheme  the  collective  pitch  control  lever  would  be  connected  to  the 
governor  speed-setting  lever.  For  the  individual-governor  concept,  the 
collective  pitch  control  must  also  reset  the  levers  on  all  controls,  thus 
imposing  another  schedule  variation  relative  to  load  sharing.  The  pro¬ 
duction  variations  of  governor  setting  as  a  function  of  governor  lever 
would  be  additive  to  the  previously  defined  control  tolerance.  The 
single-governor  approach  would  involve  simpler  mechanisms  and  would 
not  include  governor  lever- governor  setting  production  variations  in 
the  load  sharing  picture. 


Figure  62.  Collective  Pitch  and  Governor  Lever  Coordinated  Scheduling 
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Engine  Speed 

Figure  63.  Speed  Shift  With  One  Engine  Inoperative  and  Coordinated 


Isochronous  Governor 


Closed-loop,  isochronous  governing  could  be  achieved  by  a  proportional- 
plus- integral  reset  governor.  This  type  of  control  would  utilize  a  fast 
responding  proportional  governor  to  provide  the  power  transient  charac¬ 
teristics  and  stability  required,  with  a  slow  response  integrating  reset 
to  eliminate  any  speed  error.  By  employing  the  speed  error  signal  to 
continue  to  reset  the  proportional  governor  until  the  error  is  eliminated, 
the  rotor  speed  would  be  maintained  constant  for  all  steady-state  opera¬ 
tion,  The  effects  of  ambients,  airspeed,  and/or  single-engine  shut¬ 
down  would  be  compensated  for  automatically. 

The  isochronous  feature  of  the  governor  would  lag  during  power  tran¬ 
sients.  The  fuel  flow  would  be  regulated  by  the  proportional  governor, 
requiring  a  speed  change  before  a  fuel  flow  change  would  be  initiated. 
Thus,  the  isochronous  governor  would  not  possess  the  lead  feature 
provided  by  the  coordinated  approach.  The  result  would  be  transient 
rotor  speed  variations  greater  than  those  with  the  coordinated  approach. 
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The  authority  of  the  integrating  reset  portion  of  the  governor  must  be 
limited  to  provide  protection  against  incorrect  operation  of  this  mecha¬ 
nism.  The  operation  for  a  failed  integrating  loop  in  the  governor  would 
be  similar  to  that  described  for  a  load-sharing  control  failure,  allowing 
full  power  operation, but  at  a  slightly  incorrect  speed. 

With  the  individual -governor  concept,  all  engines  cannot  employ  iso¬ 
chronous  governors.  This  is  because  of  the  operating  characteristics 
that  would  occur  with  a  slight  error  in  the  speed  setting  of  the  integrat¬ 
ing  portion  of  the  controls.  Operation  of  this  type  of  system  would  be 
unacceptable  because  it  would  result  in  extreme  power  unbalance  be¬ 
tween  engines.  Figure  64  illustrates  the  governing  characteristic  that 
would  result  over  the  power  range. 


Figure  64.  Potential  Characteristics  With  Individual 
Isochronous  Governors 
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Table  11  defines  the  engine  operating  conditions  throughout  the  power 
range,  using  three  isochronous  governors. 


TABLE  11 

ENGINE  OPERATING  CONDITIONS  THROUGHOUT  POWER  RANGE 
USING  THREE  ISOCHRONOUS  GOVERNORS 


Points 

Engine  1 

Engine  2 

Engine  3 

A 

Temp.  Limited 

Temp.  Limited 

Temp.  Limited 

A  to  B 

Modulating  Power 

Temp.  Limited 

Temp.  Limited 

B  to  C 

Zero  Power 

Temp.  Limited 

Temp.  Limited 

C  to  D 

Zero  Power 

Modulating  Power 

Temp.  Limited 

D  to  E 

Zero  Power 

Zero  Power 

Temp.  Limited 

E  to  F 

Zero  Power 

Zero  Power 

Modulating  Power 

F 

Zero  Power 

Zero  Power 

Zero  Power 

The  operation  of  an  engine  at  the  turbine  temperature  limit  results  from 
the  speed  being  less  than  its  isochronous  governor  setting.  The  opera¬ 
tion  at  zero  power  (decoupled)  results  from  the  engine  speed  being 
greater  than  the  governor  setting. 

The  conventional  approach  is  to  use  an  isochronous  governor  on  one  en¬ 
gine,  with  the  other  engines  employing  proportional  governors.  To  vary 
the  power  generated  by  the  "proportional-governor-controlled"  engines, 
these  governors  must  be  reset  according  to  the  load.  This  could  be 
accomplished  by  employing  a  closed-loop  load  sharing  scheme  with  the 
isochronous  governor  on  the  master  engine  and  the  slave  engines  con¬ 
trolled  by  the  proportional  governor. 

The  single-gov 2rnor  concept  (one  governor  to  operate  all  fuel  controls) 
could  readily  utilize  an  isochronous  governor  and  would  not  require 
closed-loop  load  sharing.  Because  it  involves  only  a  single  governor,  it 
would  not  be  subject  to  the  dynamic  incompatibility  that  would  occur 
with  multiple  isochronous  governors.  ' 

Control  Systems 


As  is  indicated  in  the  preceding  subsections,  there  are  various  control 
system  concepts  that  can  be  employed  on  the  HLH  powerplant.  Each 
scheme  has  certain  advantages  and  disadvantages.  This  subsection 
presents  two  different  concepts  to  illustrate  the  system  integration  re¬ 
quired  between  the  helicopter  and  the  individual  engines. 
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Figure  65  illustrates  a  topical  control  system  employing  the  single  - 
governor  concept.  This  system  would  be  applicable  to  either  free-  or 
fixed-turbine  engines.  An  isochronous  governor  (proportional  with  in¬ 
tegral  reset)  could  bi  utilized  to  maintain  constant  rotor  speed  opera¬ 
tion  in  steady  state.  A  pilot-controlled  governor  "beep"  signal  is  illus¬ 
trated  for  trimming  or  resetting  the  rotor  speed  governor  as  desired  to 
improve  rotor  system  efficiency.  The  single  governor  generates  and 
transmits  a  reset  signal  (probably  hydraulic)  to  all  three  engine  con¬ 
trols  to  affect  the  fuel  flow  for  governing. 

The  individual  fuel  controls  incorporate  a  control  lever  that  is  mechan¬ 
ically  connected  to  a  pilot  control  point.  The  helicopter  "twist  grip"  on 
the  collective  lever  would  operate  the  mechanical  inputs  of  the  control, 
providing  the  three  pos..  xons  of  "off,"  "ground  idle,"  and  "run."  The 
"off"  position  would  mechanically  close  the  fuel  cutoff  valves  in  the  in¬ 
dividual  controls.  In  the  "ground  idle"  position, the  controls  would 
directly  regulate  fuel  flow,  providing  a  ground  idle  rotor  speed.  Dur¬ 
ing  this  operation,  the  isochronous  governor  would  not  be  controlling  fuel 
flow.  In  the  "run"  position,  the  scheduling  of  the  individual  controls  is 
set  for  maximum  power,  with  the  rotor  speed  governor  reducing  the 
fuel  flow  as  required  to  match  the  load.  The  isochronous  governor 
provides  power  control.  Manual  power  modulation  could  be  accom¬ 
plished  in  the  event  of  a  governor  failure  that  selected  maximum 
power.  By  modulating  the  "twist  grip"  between  "ground  idle"  and  "run,  " 
the  pilot  could  manually  control  the  power  level  and  rotor  speed. 

Individual  electrical  switches  (or  manual  devices)  operating  fuel  cutoff 
valves  in  the  controls  could  be  employed  to  enable  shutdown  of  individual 
engines  for  cruise  economy,  or  under  an  emergency  condition.  These 
fuel  cutoff  switches  would  also  be  tied  into  the  automatic  starting  con¬ 
trol  systems  of  the  engines. 

The  individual  fuel  controls  would  utilize  the  following  engine  param¬ 
eters  to  properly  schedule  the  fuel  flow  and  vary  engine  compressor 
geometry:  compressor  inlet  air  temperature  (CIT),  compressor  dis¬ 
charge  pressure  (CDP),  and  engine  speed  (Ng).  A  turbine  inlet  tem¬ 
perature  (TIT)  signal  would  be  employed  to  provide  closed-loop  turbine 
temperature  limiting. 

Figure  66  illustrates  a  control  system  employing  individual  governors 
and  closed -loop  load  sharing.  The  governors  are  proportional,  em¬ 
ploying  coordination  of  the  collective  and  governor  levers  to  trim  out 
the  droop.  The  scheme  as  illustrated  is  for  a  free-turbine  engine,  but 
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Figure  65.  Single-Governor  (Isochronous)  Control  System 
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Figure  66.  Individual- Governors  (Coordinated  With  Closed- Loop  Load 

Sharing)  Control  System 
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the  concept  is  directly  applicable  to  the  fixed-turbine  engine.  The 
governor  levers  are  interlinked  and  mechanically  connected  to  the  col¬ 
lective  pitch  lever  to  enable  coordination.  The  governor  "beep"  switch 
operates  a  motor  in  the  mechanical  linkage  system  to  effectively  reset 
the  speed  setting  as  desired  for  optimum  rotor  efficiency. 

Operation  of  the  fuel  control  levers  by  the  'twist  grip"  would  be  the 
same  as  for  the  system  described  previously.  The  load  sharing  selector 
switch  would  be  required  to  activate  the  control  and  to  select  a  specific 
engine  for  a  master.  The  load  sharing  control  would  receive  torque 
signals  from  each  engine  and  transmit  electrical  signals  to  the  in¬ 
dividual  control  systems  (except  the  master)  to  provide  a  trimming  re¬ 
set.  The  fuel  controls  would  utilize  parameters  similar  to  the  single 
governor  system  (Figure  66).  Each  fuel  control  would  employ  a  gas 
producer  speed  (Ni)  signal.  Each  governor  would  employ  a  power  tur¬ 
bine  speed  (N2)  sense. 

DYNAMIC  ANALYSES 

The  dynamic  studies  are  related  to  potential  problems  and  special  re¬ 
quirements  associated  with  the  large,  rotor  system  and/or  clustered  en¬ 
gine  operation.  The  analyses  were  directed  toward  engine  power  tran¬ 
sients  and  rotor  system  torsional  stability. 

Power  Transients 


The  power  transient  studies  were  conducted  to  establish  the  engine 
power  response  capability  required  to  be  compatible  with  the  large 
helicopter.  The  transients  of  concern  are:  rapid  load  transients  intro¬ 
duced  by  movement  of  the  collective  pitch  and  power  transients  initiated 
by  an  abrupt  loss  of  power  from  one  of  the  engines. 

Lift  or  thrust  from  the  rotor  system  is  a  function  of  the  rotor  speed  and 
the  angle  of  the  blades  (collective  pitch).  The  pilot,  when  requiring  a 
high  lifting  force,  increases  the  collective  pitch  and  the  engine(s) 
must  provide  the  power  to  maintain  rotor  speed.  Lag  in  the  engine 
power  response  on  a  rapid  collective  increase  results  in  undesirable 
transient  rotor  speed  droop  and  associated  lower  rotor  lift  during  the 
transient. 

Figure  67  illustrates  that  an  engine  power  ramp  response  time  of  3 
seconds  (or  faster)  is  required  to  prevent  a  transient  rotor  speed  droop 
of  greater  than  10  percent.  This  is  based  on  a  load  increase  from  zero 
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power  to  two-thirds  of  the  maximum  available  system  power,  with  the 
load  being  applied  uniformly  in  a  1 -second  interval.  A  1 -second  engine 
response  characteristic  would  theoretically  result  in  zero  transient 
speed  droop,  assuming  no  delay  between  the  power  demand  and  power 
availability.  Two-thirds  of  the  maximum  total  power  was  assumed  as 
the  maximum  load,  based  on  a  three -engine  configuration  and  with 
the  assumption  that  the  powerplant  must  be  capable  of  supporting  the 
load  in  the  event  of  the  loss  of  one  engine. 

The  data  presented  by  Figure  67,  based  on  a  free  turbine  engine,  indi¬ 
cate  that  the  time  to  complete  the  gas  producer  rotor  speed  change  from 
minimum  to  maximum  must  be  3-seconds  or  less.  Also,  if  any  vari¬ 
able  geometry  is  utilized,  its  positioning  must  be  accomplished  in 
this  period  of  time  from  the  instant  of  initiation  of  the  load  increase. 

Although  the  data  of  Figure  67  are  for  a  free-turbine  engine,  they  are 
also  applicable  to  fixed-turbine  engines.  The  fixed-turbine  engine  in  a 
helicopter  would  be  maintained  at  a  constant  speed  in  normal  operation. 
Power  changes  would  therefore  be  accomplished  by  changing  the  fuel 


Time  To  Achieve  Final  Power  -  Seconds 

Figure  67.  Effect  of  Engine  Power  Response  on  Transient 

Rotor  Speed  Droop 
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flow  (and  in  some  cases  variable  geometry)  and  would  not  require  an 
engine  speed  change  with  its  associated  lag.  The  response  of  the  fuel 
control  and  positioning  system  would  be  1  second  or  less  for  a  100- 
percent  flow  or  position  change,  with  a  delay  (caused  by  control  lag)  of 
less  than  1/2  second.  The  result  would  be  a  maximum  transient  rotor 
speed  droop  of  less  than  5  percent. 

The  interruption  of  the  fuel  flow  to  an  engine  would  result  in  a  nearly 
instantaneous  loss  of  power  from  that  engine.  In  a  clustered  configur¬ 
ation,  the  remaining  engines  must  pick  up  the  load  by  increasing  their 
power  levels  to  provide  the  total  shaft  power  required.  Rapid  power 
response  is  required  in  a  critical  hover  condition  where  the  lift  must  be 
maintained  constant  to  prevent  a  change  in  altitude"  ™  — 


The  lag  in  engine  power  buildup,  with  the  occurrence  of  any  engine 
failure,  would  result  in  some  rotor  speed  reduction.  At  a  fixed  collec¬ 
tive  pitch  this  speed  reduction  would  result  in  a  decrease  in  rotor  lift. 
To  prevent  the  decrease  in  lift,  the  collective  pitch  must  be  increased. 
Associated  with  the  increased  pitch  is  an  increase  in  power  required  to 
drive  the  rotor  (Figure  68),  further  tending  to  reduce  rotor  speed. 
However,  the  large  rotor  system  possesses  kinetic  energy  that  can  be 


Figure  68.  Rotor  Speed -Load  Characteristic  for  Constant  Rotor  Lift 
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utilized  to  help  support  the  load  prior  to  the  completion  of  the  engine 
power  buildup.  With  a  three-engine  system#the  absolute  limit  of  the 
maximum  load  which  could  be  supported  with  one  engine  failure  would  be 
that  which  requires  66.  7  percent  of  the  maximum  installed  power,  or  100- 
percent  power  from  the  two  remaining  engines.  Upon  the  loss  of  power 
from  one  engine,  this  condition  would  require  an  instantaneous  increase 
to  maximum  power  on  the  two  engines  operating  (resulting  in  zero  rotor 
speed  droop). 

In  actuality  there  would  be  some  lag  involved  in  the  power  buildup  and 
the  rotor  speed  would  droop  below  100  percent.  Figure  69  defines  the 
relationship  between  engine  power  response  required  for  zero  change  in 
lift,  as  a  function  of  the  initial  steady-state  power  level  (load),  and  tran¬ 
sient  rotor  speed  droop.  (It  should  be  noted  that  a  linear  power-time 
characteristic  was  assumed. )  The  response  time  is  from  initial  power 
level  to  maximum  for  the  two  operational  engines.  For  a  load  which 
initially  requires  50  percent  of  maximum  power,  with  three  engines 
operating,  the  engine  response  time  capability  must  be  3  seconds  to  allow 
zero  change  in  lift  and  limit  the  transient  speed  droop  to  5  percent  (point 
A).  If  the  response  time  is  5  seconds,  the  transient  speed  droop  will  be 
10  percent,  for  zero  change  in  lift  (point  B). 

Should  the  collective  pitch  be  increased  at  a  rate  to  cause  a  10-percent 
speed  droop,  with  an  engine  response  of  3  seconds  and  a  50-percent  load, 
the  lift  would  be  greater  than  the  initial  lift  and  the  helicopter  would 
climb.  Conversely,  if  the  pitch  change  rate  is  restricted  to  limit  the 
transient  droop,  the  lift  will  be  less  than  initially  and  will  result  in  a 
loss  in  altitude. 

Any  combination  of  initial  power  and  engine  response  time  which  falls 
to  the  right  of  the  dashed  line  on  Figure  69  will  result  in  a  loss  of  lift 
and  continued  rotor  droop.  This  condition  results  from  the  engine's 
being  unable  to  supply  the  increased  power  required  to  maintain  con¬ 
stant  lift  at  reduced  rotor  speed.  (See  Figure  68.)  Recovery  from 
this  possible  region  of  transient  operation  would  require  unloading  of 
the  rotor. 

Torsional  Stability  Analysis 


The  purpose  of  this  phase  of  the  study  was  to  estimate  the  degree  of 
stability  of  the  rotating  portion  of  an  HLH  propulsion  system.  Knowl¬ 
edge  and  experience  gained  from  light  helicopter  engine  development 
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Figure  69.  Engine  Power  Response  Required  for  Zero 
Change  in  Rotor  Lift 
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were  used  in  studying  the  more  complex  multiengine  propulsion  system 
for  the  HLH.  Both  fixed  and  free  turbine  engines  (with  and  without  re¬ 
generator)  and  both  single  and  tandem  rotor  systems  (with  and  without 
drag  hinge)  were  investigated.  Stability  analyses  were  coordinated 
with  the  results  of  control  mode  studies  and  engine  performance  studies. 

The  analog  computer  was  used  extensively  in  this  work,  since  this  type 
of  problem  is  ideally  suited  to  linearized  analog  simulation  and  can  be 
effectively  studied  in  this  manner.  Whenever  possible,  realistic  data 
pertaining  to  the  rotor  were  obtained  from  airframe  manufacturers, 
while  engine  performance  and  fuel  control  data  were  obtained  from 
other  Allison  groups  involved  in  this  study.  Where  specific  data  were 
lacking,  approximate  values  were  obtained  by  scaling  up  other  existing 
system  parameters.  Generalized  studies  were  made  which  permit 
stability  predictions  as  a  function  of  the  design-controllable  variables. 

Potential  Problem  Areas 


Experience  with  smaller  helicopter  propulsion  system  designs  has  con¬ 
firmed  the  necessity  for  careful  analysis  of  the  system  with  regard  to 
torsional  stability.  The  rotating  portion  of  a  turbine -powered  helicopter 
(Figure  70)  consists  basically  of  several  inertias  interconnected  with 
shafts  having  some  torsional  resiliency;  i.  e. ,  a  finite  stiffness.  Some 
inherent  damping  is  associated  with  each  inertia. 

It  would  be  desirable  to  sense  and  utilize  rotor  speed  as  a  control 
parameter,  however,  it  is  not  practical  to  measure  this  quantity  directly. 
Instead,  engine  output  shaft  speed  is  sensed  and  fed  back  to  the  fuel 
control  which  adjusts  fuel  flow  to  maintain  the  desired  speed.  Since 
rotor  inertia  is  much  larger  than  turbine  inertia,  rotor  speed  rarely 
follows  torsional  oscillations.  However,  the  shaft  and  turbine  rotor 
form  a  highly  underdamped  system  which  will  tend  to  oscillate  at  a  fre¬ 
quency  of  around  three  to  five  cycles  per  second  for  a  large  helicopter. 

If  the  gain  and  the  dynamics  (lag  time  constants)  of  the  fuel  control  are 
such  as  to  reinforce  these  oscillations,  they  may  become  divergent. 

The  most  straightforward  Way  to  prevent  this  is  to  raise  the  torsional 
natural  frequency  by  increasing  shaft  stiffness  or  decreasing  turbine 
inertia.  This  will  always  require  a  compromise,  since  the  former  im¬ 
poses  a  weight  penalty  and  the  latter  is  limited  by  engine  design.  Like¬ 
wise,  reduction  of  control  system  lags,  or  the  addition  of  compensation 
devices,  may  become  unrealistic  from  a  design  viewpoint — these  factors 
also  must  be  considered  in  the  system  compromises.  The  results  of 
this  study  should  aid  in  making  these  compromises. 
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Figure  70.  Engine-Simplified  Rotor  System  Schematic 


Fixed  Turbine  Systems 

An  analog  computer  simulation  was  made  of  a  powerplant  consisting  of 
four  T56  engines,  a  rotor  system  in  which  the  only  known  parameters 
were  rotor  inertia  and  speed,  and  one  speed  governor  controlling  fuel 
flow  to  each  engine. 

The  system  simulated  is  shown  in  .block'diagram  form  in  Figure  71. 

The  purpose  of  the  study  was  to  determine  the  various  rotor,  engine, 
and  fuel-control  parameters  which  would  most  strongly  influence  torsional 
stability.  The  simulation  is  linearized  around  the  100-percent  speed, 
full- power  point.  Experience  has  shown  that  torsional  oscillations  are 
most  likely  to  occur  at  full  power. 
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Figure  71.  Multiengine  Helicopter  Powerplant  Block  Diagram 


Figure  72  is  a  block  diagram  of  the  T56  engine  and  fuel  control  as  they 
were  simulated  on  the  computer.  Partial  derivatives  were  obtained 
from  T56  engine  maps.  The  multiengine  cluster  was  simulated  by 
multiplying  the  torque  output  of  one  engine  by  four,  the  number  of  en¬ 
gines.  Values  used  in  the  simulation  are  as  follows: 


kg  =  1.81  pounds  per  hour  per  gas  producer  r.p.  m. 
T1  =  0. 1  second 


*2  =  0. 1  second 


Hot  Day 

Standard  Day 

Cold  Day 

dTT5 

degree  F. 

0.  5 

0.  5 

0.5 

dwf 

pounds  per  hour 

dQe 

dTT5 

pound -feet 
*  degree  F. 

1.8 

1.8 

1.8 

dTT5 

TnT" 

degree  F. 

r.  p.  m. 

0.  12 

0.035 

-0.01 

dQe 

dNe’ 

pound-feet 

r.  p.  m. 

0.  023 

0.  100 

0.  160 

Figure  73  shows  the  results  of  the  study.  It  defines  regions  of  stability 

and  instability  for  various  combinations  of  engine  inertia  and  shaft  stiff¬ 
ness.  It  indicates  that  stability  problems  will  be  greatest  on  a  cold  day 
and  when  fuel  control  lags  are  around  0.  06  second.  Assuming  more 
favorable  fuel  control  lags  of  0.1  second  and  an  engine  inertia  of  1.71 
slug-feet  squared,  shaft  stiffness  should  exceed  3500  pound-feet  per 
radian  for  torsional  stability.  For  a  given  rotor  inertia,  the  natural 
frequency  of  the  engine- shaft- rotor  system  is  determined  by  engine  in¬ 
ertia  and  shaft  stiffness.  This  frequency  must  be  greater  than  4.5 
cycles  per  second  for  stability  on  a  cold  day,  and  3.5  cycles  per  second 
on  a  standard  day. 

Increasing  governor  droop  to  5  percent,  or  introducing  a  small  amount 
of  hysteresis  in  the  governor,  eliminated  oscillations  for  all  combina¬ 
tions  of  inertia  and  stiffness.  Fuel  control  lags  of  0.06  second  appear 
to  be  a  "worst-case"  condition,  but  this  is  easily  avoided  in  fuel  control 
design. 
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Figure  72.  Model  T56  Engine  and  Fuel  Control  Block  Diagram 


Inertia,  Ig  (Per  Engine)-SIug-Square  Feet 

Figure  73.  HLH  Torsional  Stability  Analog  Computer 
Data— Four  Fixed-Turbine  Engines 
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The  analog  computer  simulation  of  four  T56  engines  driving  a  rotor 
system  was  modified  to  include  a  regenerator  on  each  engine.  The 
purpose  of  this  phase  of  the  study  was  to  determine  the  effect  on  tor¬ 
sional  stability  of  using  fixed  turbine  engines  with  regenerators. 

A  flow  diagram  with  station  numbers  is  shown  in  Figure  74. 


Notes: 

1.  T4  =  T3  +  AT  where  At  (burner  rise)  is  assumed  to 
vary  linearly  with  fuel-air  rr  io 

T6  €  T2  (l-€ )  a~  Td  S 

2‘  T3"(r6  S  +  1)  (T2S+1) 

where,  assuming  high-flow,  zero  bypass: 

€  (regenerator  effectiveness)  =  0.  7 
Td  (time  delay)  =  0 

T0  =  0. 5  sec 
t2  =  1..0  sec 

S  =  LaPlace  transform  operator 


Figure  74.  Flow  Diagram  for  Fixed  Turbine  Engine 
With  Regenerator 
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The  results  of  the  study  are  shown  in  Figure  75.  In  general,  adding 
the  regenerator  improves  torsional  stability.  This  is  mainly  due  to  the 
lag  and  attenuation  between  T2  and  T3.  Since  T2  increases  with  speed, 
this  normally  has  a  destabilizing  effect.  On  standard  day,  with  nomi¬ 
nal  lags  and  engine  inertia,  shaft  stiffness,  km,  may  be  reduced  from 
2500  to  2200  pound- feet  per  radian  when  the  regenerator  is  added. 

Free  Turbine  Systems 

The  analog  computer  was  used  to  study  the  torsional  stability  of  a  heli¬ 
copter  employing  a  cluster  of  three  free  turbine  engines  and  several 
different  rotor  configurations. 

Figure  76  shows  the  block  diagram  of  the  548-C2  engine  and  fuel  con¬ 
trol  as  they  were  simulated  on  the  computer.  Partial  derivatives  de¬ 
scribing  engine  performance  were  obtained  from  IBM  program  LI  4. 

The  three  engines  were  simulated  separately  and  independently  to  allow 
for  possible  interaction  and  to  permit  studying  the  effect  of  the  loss  of 
one  engine. 

Gains  and  time  constants  used  in  the  548-C2  engine  simulation  are  as 
indicated  in  the  following  tabulation  (see  Figure  76): 

Kp  =3.75  gas  producer  r.  p.  m.  per  shaft  r.  p.  m.  (corresponds 
to  a  droop  of  approximately  4  percent) 

Kq  =0.4  pound  per  hour  per  gas  producer  r.  p.  m. 

KcdP  =  13  pound  per  hour  per  p.  s.  i. 

Tl  =  0. 10  second 

r 2  =  0.  10  second 

Tg  =  0.  10  second 

1 

r,  =  0.  07  second 

4 

T5  =  0.  05  second 

t g  =  0. 02  second 

t7 


=  0. 10  second 
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Fuel  Control 
(One  Per  Engine) 


Model  548-C2  Free  Turbi 
Engines  (Cluster  Of  Thre 


Note 


N|  -  Gas  Producer  Speed,  r.p.m. 

Ns  -  Shaft  Speed,  r.  p.  m. 

AN  -  Speed  Error,  r.p.m. 

P.T.  -  Power  Turbine 
G.  P.  -  Gas  Producer 
C.  D.  P.  -  Compressor  Discharge  Pressure 
Pc  -  Control  Sensing  Pressure 
Qs  -  Shaft  Torque,  lb.  -ft. 

-  Fuel  Flow,  lb. /hr. 
r  -  Time  Constant,  sec. 

S  -  Laplace  Operator 
K  -Governor  Gain 


AN, 


8 

Set 


Transfer  Functions: 
P.  T.  Governor  = 


5> 


C.  D.  P.  Feedback  = 


CDP 


f't'SVl 


G.  P.  Governor 


(t2S  +  1)  (t3S  +  1) 


(T5  S  +  1)  (t61 
Gjs  Producer  Turbine  =  -J 

7 


Figure  76.  Model  548-C2  Engine  and  Fuel  Control  Block  □ 
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C.  D.  P.  Feedback  = 


CDP  (t4S  +  1) 


Gas  Producer  Turbine  = 


(r5s  +  1)  (t6S  +  1)  (t78  +  1) 

iik 

awf 


te8  +  1 


Model  548-C2  Engine  and  Fuel  Control  Block  Dirgram 


=  0.  0208  p,  s.  i.  per  pound  per  hour 


=  0.  0089  n.  s.  i.  per  r.  p.  m. 


=  4.46  r.p.m.  per  pound  per  hour 


=  0.  400  pound-feet  per  pound  per  hour 


=  0.092  pound-feet  per  gas  producer  r.p.m. 


=  -0.0836  pound  feet  per  shaft  r.p.m. 

=  0. 38  second 

Figure  77  is  a  schematic  diagram  of  a  dual  rotor  system  including  for¬ 
ward  and  aft  gearbox  inertias  and  three  separate  power  turbines  and 
output  shafts.  This  diagram  may  be  easily  modified  to  represent  the 
single- rotor  configuration— with  or  without  drag  hinge.  This  system  is 
simulated  on  the  analog  computer  by  solving  the  equations  of  motion. 

The  constants  which  appear  in  these  equations  and  the  nominal  values 
used  in  the  simulation  are  as  indicated  in  the  tabulation  (all  referred  to 
19,320-r.p.r  .  shaft)  in  Figurr  77. 

The  results  of  these  tests  may  be  summarized  as  follows. 

1.  Single  rotor  configuration  is  torsionally  stable  unless,  with  all 
other  values  at  nominal, 

a.  Mast  stiffness  (km)  is  reduced  to  one-eleventh  nominal  value; 
or 

b.  Power  turbine  inertias  (Ip^)  are  increased  by  a  factor  of  4 
times  nominal  value  and  mast  stiffness  (km)  is  reduced  to 
one-fourth  nominal  value;  or 

c.  Gas  producer  governor  gain  (K q)  is  increased  to  2.  5  times 
nominal;  or 


dPc 

dwf 

dPc 

dNj 

dQs 

Tw7 

*QS 

*QS 

*NS 
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d.  Power  turbine  governor  gain  (Kp)  is  increased  to  3.  8  times 
nominal  (droop  decreased  to  1.  03  percent)  or  3.  7  times 
nominal  with  drag  hinge  locked,  indicating  that  the  drag 
hinge  has  a  slight  stabilizing  effect,  but  does  not  signifi¬ 
cantly  affect  torsional  stability. 

2.  Computer  output  traces  showing  this  single-rotor,  three-tur¬ 
bine  performance  are  shown  in  Figure  78.  The  disturbance 
applied  to  the  system  consists  of  a  step  increase  in  rotor  load 
torque,  as  from  wind  gust,  causing  all  speeds  to  drop  slightly. 
At  nominal  settings,  the  torsional  natural  frequency  of  four 
cycles  per  second  is  superimposed  upon  the  natural  frequency 
of  the  gas  producer  speed  control  loop,  which  is  one  cycle  per 
second.  Both  oscillations  are  damped  out  after  several  cycles. 
When  mast  stiffness  is  reduced  to  one-eleventh  of  the  nominal 
value,  the  torsional  natural  frequency  is  reduced  to  2.  5  cycles 
per  second  and  oscillations  become  divergent. 

3.  Increasing  the  number  of  engines  in  the  cluster  from  three  to 
four  (33-percent  increase)  requires  a  43-percent  increase  in 
shaft  stiffness  for  equivalent  torsional  stability.  A  33-percent 
increase  in  power  output  from  each  of  the  three  engines  (as  in 
a  growth  version)  requires  a  27-percent  increase  in  shaft 
stiffness.  The  required  increase  is  less  in  the  second  case 
because  there  is  no  accompanying  increase  in  engine  inertia. 
This  would  apply  to  fixed-  as  well  as  free -turbine  engines. 

4.  The  computer  output  traces  in  Figure  78  are  for  a  rigid  roto’’* 
system,  whereas  Figure  79  reveals  the  effect  of  adding  drag 
hinges.  is  the  angle  of  deflection  of  the  blade  about  the 
hinge.  The  sudden  application  of  a  rotor  load  torque  causes 
this  angle  to  increase  slightly.  The  number  of  oscillations  of 
A£  depends  on  the  drag  hinge  damper  coefficient.  Notice  that 
torsional  stability  (the  oscillations  of  engine  shaft  speed,  ANg) 
is  not  appreciably  affected  by  the  addition  of  the  drag  hinge. 

5.  The  dual  rotor  configuration  is  torsionally  stable  unless,  with 
all  other  values  at  nominal, 

a.  Engine  shaft  stiffness  (kg),  drive  shaft  stiffness  (kj),  aft 
mast  stiffness  (kma)»  and  forward  mast  stiffness  (kmf)  are 
all  reduced  to  one-sixth  nominal  value;  or 


118 


Ipt  (power  turbine  inertia)  =  0. 230  slug -foot  squared 


(power  turbine  damping)  =  -0. 0836  pound-  foot  per  r.  p.  m. 


ks  (engine  shaft  stiffness)  =  16,000  pound-feet  per  r.p.m. 


lagj,  (aft  gearbox  inertia)  =  0.212  slug-foot  squared 
Ifgb  (forward  gearbox  inertia)  =  0. 181  slug -foot  squared 


^Qagb 

dNagb 


(aft  and  forward  gearbox  damping)  =  -0. 1  pound-foot  per  r.  p.  m. 


Single  rotor  with  drag  hinge: 

19, 320  r.p.m. 

150  r.p.m. 

Ir  (total  rotor  inertia) 

7. 83  slug-feet  squared 

130, 000  slug-feet  square 

blb  (blade  inertia) 

7. 36  slug-feet  squared 

122, 000  slug-feet  square 

dQb 

b  .  .  (drag  hinge  damper  coefficient) 
d  C 

-500  pound-feet  per  r.  p.  m. 

-8, 290, 000  pound-feet  p 

bKb  (centrifugal  spring  constant) 

10, 000  pound-feet  per  radian 

165, 800, 000  pound-feet  j 

dQr  (rotor  aerodynamic  damping 
pNr  coefficient) 

-0. 50  pound-foot  per  r.  p.  m. 

-8,290  pound  feet  per  r. 

km  (mast  stiffness) 

2000  pound-feet  per  radian 

32, 600, 000  pound-feet  p 

Tandem  rotor: 

19,  320  r.p.  m. 

150  r.p.m. 

Ira  =  Irf  (aft  and  forward  rotor 
inertias) 

3. 01  slug-feet  squared 

50, 000  slug-feet  squaret 

^  ^r  (rotor  aerodynamic  damping 
d  Nr  coefficient) 

-0. 50  pound-foot  per  r.p.m. 

-8, 290  pound-feet  per  r. 

kma  (aft  mast  stiffness) 

400  pound-feet  per  radian 

6,  510, 000  pound-feet  pe: 

kd  (drive  shaft  stiffness) 

1910  pound-feet  per  radian 

31, 100, 000  pound-feet  p 

kmf  (forward  mast  stiffness) 

800  pound-feet  per  radian 

13, 020, 000  pound-feet  p 

-Rotor  System  Schematic  Diagram 


tia)  =  0. 230  slug-foct  squared 


unping)  -  -0. 0836  pound-foot  per  r.  p.  m. 

iss)  -  16, 000  pound-feet  per  r.p.  m. 
ia)  =  0.212  slug-foot  squared 
inertia)  =  0. 181  slug-foot  squared 

ad  forward  gearbox  damping)  =  -0. 1  pound-foot  per  r.  p.  m. 


hinge: 

19, 320  r.p. m. 

150  r.p. m. 

7. 83  slug-feet  squared 

130,  000  slug-feet  square  1 

7. 36  slug-feet  squared 

122.  000  slug-feet  squared 

nper  coefficient) 

-500  pound-feet  per  r.  p.  m. 

-8, 290, 000  pound-feet  per  r.p.  m. 

j  constant) 

10, 000  pound-feet  per  radian 

165, 800, 000  pound-feet  per  radian 

nic  damping 

-0. 50  pound-foot  per  r.  p.  m. 

-8, 290  pound-feet  per  r.  j .  m. 

2000  pound-feet  per  radian 

32, 600, 000  pound-feet  per  radian 

19, 320  r.p.m. 

150  r.  p.  m. 

ird  rotor 

3. 01  slug-feet  squared 

50,  000  slug -feet  squared 

nic  damping 

-0. 50  pound-foot  per  r.p. m. 

-8,  290  pound-feet  per  r.p.m. 

5) 

400  pound -feet  per  radian 

6,  510, 000  pound-feet  per  'adian 

is) 

1910  pound-feet  per  radian 

31, 100, 000  pound-feet  pt r  radian 

jtfness) 

800  pound-feet  per  radian 

13, 020, 000  pound-feet  per  radian 

b  Diagram 

Rotor  Speed— r.  p.  m.  \\  Engine  Output  Shaft  Speeds 


Figure  76.  Computer  Output  Traces  for  Three  Free-Turbine  Engines, 
Single- Rotor  Without  Drag  Hinge 
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Figure  79.  Computer  Output  Traces  for  Three  Free-Turbine  Engines, 

Single-Rotor  With  Drag  Hinge 


b.  Ipt  is  doubled  and  ks,  kd,  kma.  and  kmf  are  all  redueed  to 
one-fourth  nominal;  or 

e.  is  increased  to  2.5  times  nominal;  or 

d.  Kp  is  increased  to  2.  75  times  nominal  (droop  decreased  to 
14.  5  percent). 

6.  Figures  80  and  81  show  computer  output  traces  describing 
tandem  rotor  performance.  Figure  80  shows  the  nominal 
setting  performance  and  the  effect  of  reducing  all  stiffnesses 
by  one-sixth.  Figure  81  shows  the  effect  of  a  sudden  320- 
pounds-per-hour  decrease  in  fuel  flow  to  one  engine.  The  high- 
frequency  transient  oscillations  reveal  the  natural  frequency  of 
the  power  turoines  and  engine  shafts,  whereas  the  lower  fre¬ 
quency  is  that  of  the  power  turbines  and  rotor  system. 

7.  All  of  the  traces  reveal  a  slight  tendency  to  oscillate  at  the 
natural  frequency  of  the  gas  producer  speed  control  loop, 
approximately  one  cycle  per  second.  This  is  in  the  category 
of  low-frequency  stability  and  is  to  be  differentiated  from  tor¬ 
sional  stability.  Generally  it  is  observed  in  free  turbine  en¬ 
gines  only.  Low-frequency  stability  is  influenced  by  gas  pro¬ 
ducer  governor  gain  (Kg)#  compressor  discharge  pressure 
feed-back  gain  (Kcdp)*  and  gas  producer  turbine  time  con¬ 
stant  (rg).  This  study  included  a  limited  investigation  of  low- 
frequency  stability;  the  traces  show  good  stability.  At  one 
point  in  the  tests,  it  was  found  that  increasing  KcdP  by  a 
factor  of  2.  5  would  result  in  low-frequency  instability. 

8.  A  brief  investigation  was  made  of  the  effect  of  using  unequal 
power  turbine  governor  gains  (Kp)  on  each  of  the  three  engines 
in  the  cluster,  since  some  mismatch  would  undoubtedly  exist 
if  the  individual  governor  concept  were  used.  The  possibility 
of  some  peculiar  interaction  effect  was  investigated  but  none 
was  observed.  The  only  effect  of  changing  one  governor  gain 
was  its  effect  on  the  net  gain  of  the  complete  cluster. 

POWER  AUGMENTATION  CONTROL 


Water-alcohol  injection  could  be  employed  under  hot  ambient  tempera¬ 
ture  conditions  to  augment  engine  power.  The  conventional  approach 
utilized  on  fixed-wing  applications  employs  a  water-alcohol  system  in 
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Engine  Output  Shaft  Sp 


Figure  80.  Computer  Output  Traces  for  Three  Free-Turbine  Engines, 

Tandem -Rotor  System 
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Forward  Aft  Gear 

Rotor  Speed-  Aft  Rotor  Box  Speed-  Engine  Output  Shaft  Speeds-* 


Figure  81.  Computer  Output  Traces  lor  Three  Free-Turbine  Engines, 

Tandem-Rotor  System 


which  the  flow  rate  is  not  modulated  (although  flow  is  regulated  at  a 
constant  flow  level).  All  power  modulation  during  augmentation  is  ac¬ 
complished  by  regulat'ng  the  turbine  temperature  through  control  of  the 
fuel  flow  by  power  lever.  This  concept  would  also  be  applicable  to  a 
helicopter  system  in  which  the  fuel  flow  is  regulated  by  a  rotor  speed 
governor. 

The  selection  of  power  augmentation  would  result  in  a  boost  in  the  avail¬ 
able  power  at  all  turbine  temperatures.  The  speed  governor  would  then 
reduce  the  fuel  flow  as  required  to  satisfy  the  load — this  also  means  that 
an  additional  load  may  be  applied.  Associated  wilh  the  water-alcohol 
operation  would  be  a  soi  lewhat  higher  rotor  speed  than  when  nonaugmented 
(Figure  82),  with  the  rotor  speed  increase  providing  the  fuel  reduction  by 
the  droop  governor.  The  fixed-turbine  engine  would  be  capable  of  this 
type  of  operation  while  employing  the  conventional  fuel  control  scheme 
and  schedules.  The  major  effect  would  be  a  somewhat  higher  rotor 
speed  with  augmentation;  this  could  be  eliminated  by  employing  an  iso¬ 
chronous  governor  or  through  the  use  of  a  "beep"  system. 

The  free-turbine  engine  would  require  gas  producer  speed  variations 
when  modulating  power.  The  use  of  engine  inlet  water- alcohol  injection 
may  dictate  a  somewhat  different  transient  fuel  schedule  because  of  its 
effect  on  compressor  surge  and  burner  olowout.  This  is  an  area  re¬ 
quiring  more  investigation,  including  testing,  if  such  an  approach  ap¬ 
pears  warranted. 

Selection  of  power  augmentation  in  the  helicopter  could  be  either  manual 
or  automatic.  In  the  manual  selection  scheme  the  pilot  would  initiate 
the  water-alcohol  flow  by  actuation  of  an  on-off  selection  switch,  and  it 
would  continue  until  either  manually  deactivated  or  the  available  mixture 
was  depleted.  Another  approach  would  be  to  provide  a  console  switch 
to  arm  the  system,  with  an  "augmentation"  position  on  the  "twist  grip" 
to  actuate  the  augmentation  system.  This  would  enable  the  pilot  to  arm 
the  water-alcohol  system  for  all  critical  operation,  but  only  cail  on  it 
when  the  nonaugmented  power  was  adjudged  to  be  insufficient  for  the  load. 

An  automatic  actuation  system  could  be  employed  that  would  remove  the 
need  for  a  power  augmentation  decision  from  the  pilot,  but  would  re¬ 
quire  a  more  complicated  control  system.  The  augmentation  could  be 
initiated,  for  example,  by  a  signal  generated  when  the  electronic  tem¬ 
perature  limiter  begins  controlling,  providing  the  arming  switch  is  on. 

An  inadequacy  of  this  approach  is  the  result  of  the  step  power  boost 
that  occurs  at  a  turbine  temperature  with  the  unmodulated  augmentation 
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system  (Figure  83).  The  reduced  turbine  temperature,  for  power 
modulation  between  maximum  augmented  and  maximum  nonaugmented 
power,  would  generate  a  signal  to  deactivate  the  water-alcohol  system, 
resulting  in  on-off  cycling  of  the  system  when  attempting  to  operate  in 
this  power  region.  This  inadequacy  could  be  overcome  by  employing 
the  turbine  temperature  limiter  signal  to  initiate  the  operation  of  aug¬ 
mentation,  but  providing  a  "hold- in"  mechanism  to  continue  operation 
of  the  augmentation  system  once  initiated.  The  pilot  arming  switch 
would  allow  manual  deactivation  of  the  system  when  desired. 

If  the  step  power  change  on  actuation  of  the  augmentation  system  is  not 
acceptable  in  a  helicopter,  a  modulated  augmentation  system  could  be 
provided.  The  result  would  be  a  more  complicated  control  than  is  re¬ 
quired  with  the  unmodulated  approach. 

OPERATIONAL  COMPARISON  OF  FIXED-  AND  FREE  -TURBINE  EN¬ 
GINES 

A  comparison  was  made  of  the  cl  •  ‘acteristics  of  the  fixed-turbine  and 
free-tuibine  engines  during  the  various  operating  conditions  as  they 
apply  to  the  HLH.  The  conditions  considered  were  starting,  locked 
rotor,  ground  idle,  autorotation,  practice  autorotation  recovery, 
speed  and  power  stability,  and  rotor  speed  modulation. 


Figure  82.  Governor  Shift 
With  Augmentation 
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Engine  Speed 

Figure  83.  Power  Shift 
With  Augmentation 


Starting 


The  fixed  turbine  would  require  a  disconnect  clutch  to  uncouple  the 
hr-  icopter  rotor  system  from  the  engine(s)  during  starting.  Without 
this,  the  complete  rotor  load  (windage  and  inertia)  would  be  imposed  on 
the  gas  turbine  starter  during  engine  starting— this  would  require  a 
starter  as  large  as  700  horsepower  to  complete  a  30- second  start. 

With  the  clutch  disengaged,  the  engine(s)  could  be  started  readily  with  a 
conventional  starter  of  nominal  power.  After  the  completion  of  the  start, 
the  clutch(es)  must  be  engaged  to  bring  the  rotor  up  to  the  speed  of  the 
engine. 

The  free  turbine  requires  no  special  clutch  because  the  gas  generator  is 
aerodynamically  coupled  to  the  rotor  and  the  power  turbine  and  rotor 
speeds  have  very  little  effect  on  gas  generator  operation.  Thus,  the 
gas  generator(s)  can  be  started  with  a  conventional  starter  (on  the 
order  of  100  horsepower). 

Locked  Rotor  Operation 


The  capability  of  checking  the  operation  of  the  engines  without  the  rotor 
revolving  may  be  desired  on  a  multiengine  installation.  With  the  clutches 
disconnected,  the  fixed-turbine  engines  can  be  operated  at  zero  power  for 
engine  and  control-system  checkout,  without  rotor  system  rotation.  No 
special  locking  mechanisms  would  be  required. 

When  employing  free-turbine  engines,  a  rotor  brake  mechanism  is  re¬ 
quired  to  allow  engine  operation  without  the  rotor  system  turning.  This 
brake  would  allow  operation  at  ground  idle  power  for  engine  and  control 
system  checkout. 

Ground  Idle 


At  ground  idle,  minimum  fuel  consumption  is  desired.  Reduced  rotor 
speed  operation  is  desired  to  reduce  rotor  windage  at  minimum  collec¬ 
tive  pitch.  For  low -speed  ground  idle  operation  with  a  fixed  turbine,  the 
engine  and  rotor  must  be  maintained  at  a  speed  of  80  percent  or  greater 
(Figure  84)  when  considering  operation  at  130°F.  ambient.  Also,  caution 
must  be  employed  to  ensure  that  the  collective  pitch  (load)  is  not  in- 
greased  until  the  rotor  and  engine  speed  transient  (from  ground  idle  to 
normal  operational  speed)  has  been  nearly  completed.  Early  application 
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of  the  collective  pitch  could  result  in  total  "bog-down"  of  the  rotor  and 
engine  because  the  load  becomes  greater  than  the  engine  power  avail¬ 
able. 

The  ground  idle  rotor  speed  with  a  free  turbine  can  be  as  low  as  50  or 
60  percent.  Because  the  rotor  (load)  is  not  solidly  connected  to  the  gas 
product  i',  an  increase  in  the  collective  pitch  (load)  would  not  affect  ac¬ 
celeration  of  the  gas  producer.  The  increasing  engine  torque  due  to  the 
gas  producer  speed  increase  would  arrest  any  rotor  speed  bog-down  re¬ 
sulting  from  the  application  of  collective  pitch  while  at  low  (ground  idle) 
rotor  speeds. 

Autorotation  (Decoupled) 


During  the  autorotation  maneuver,  the  rotor  system  must  be  decoupled 
and  the  gas  turbine  engine  must  operate  at  zero  power. 


Figure  84.  Fixed-Turbine  Characteristics  at  Low  Power 
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Decoupled  operation  with  a  fixed  turbine  engine  would  impose  no  con¬ 
trol  problems.  Decoupled  (zero  horsepower)  stability  would  be  achieved 
with  a  proportional  speed  governor  of  3-  to  5-percent  droop. 

The  low  frequency  stability  of  a  free  turbine  during  decoupled  operation 
would  not  normally  be  as  good  as  that  with  a  fixed-turbine  engine.  This  is 
because  of  the  additional  lag  resulting  from  the  inertia  of  the  gas  pro¬ 
ducer  rotor,  in  conjunction  with  the  very  low  inertia  of  the  power  tur¬ 
bine  when  not  coupled  to  the  rotor  system.  This  may  require  pre¬ 
caution  and/or  compromise  in  the  design  of  the  governor  system,  or 
the  acceptance  of  the  low-amplitude,  low-frequency-limit  cycle  oscilla¬ 
tions  during  autorotation  operation. 

Practice  Autorotation  Recovery 


Practice  autorotation  is  a  conventional  maneuver  for  helicopters  and  is 
assumed  to  be  applicable  to  the  HLH.  This  maneuver  involves  the  simu 
lation  of  a  total  loss  of  engine  power  by  reducing  the  engines  to  idle. 

The  engines  are  kept  running  at  minimum  power  during  the  practice 
maneuver  to  permit  the  rapid  increase  in  power  needed  for  recovery  in 
the  event  of  pilot  error  during  practice  landing. 

If  the  power  recovery  is  attempted  with  the  fixed  turbine  engine  at  (or 
near)  1 00-percent  speed,  the  power  buildup  would  be  very  rapid,  being 
limited  only  by  the  rate  at  which  the  fuel  flow  (and  compressor  variable 
geometry)  can  be  increased.  However,  a  rapid  recovery  from  a  re¬ 
duced  rotor  (and  engine)  speed  would  not  be  possible.  This  is  because 
the  power  available  at  engine  speeds  less  than  95  percent  would  not  be 
sufficient  to  support  the  rotor  pitch  (load)  that  would  be  selected  in  at¬ 
tempting  the  recovery  (Figure  85). 

The  response  of  the  free  turbine  during  a  powered  recovery  would  be 
dependent  on  the  acceleration  characteristics  of  the  gas  producer.  The 
power  response  would  not  be  as  last  as  that  with  a  fixed  turbine,  but 
would  lag  the  load  because  of  the  inertia  of  the  gas  producer  rotor, 
coupled  with  gas  turbine  operating  limits  of  compressor  surge  and 
turbine  gas  temperature.  A  reasonable  elapsed  time  from  zero  to 
maximum  power,  for  an  engine  in  the  4000-horsepower  class,  would 
be  3  to  5  seconds. 

Since  the  free  turbine  engine  gas  producer  rotor  is  aerodynamically 
coupled  to  the  power  turbine  and  load,  the  power  turbine  speed  essen¬ 
tially  does  not  affect  the  acceleration  characteristics  of  the  gas  pro¬ 
ducer.  Thus,  a  power  recovery  from  a  reduced  rotor  speed  condition 
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Free  Turbine  Power  Available  At 
Maximum  Gas  Producer  Speed  (548-C2) 


Figure  85.  Maximum  Power  Versus  Speed 
for  Fixed  and  Free  Turbines 


during  a  practice  engine -off  autorotation  landing  could  satisfactorily  be 
accomplished,  assuming  the  3-  to  5-second  power  response  is  satisfac¬ 
tory. 

Speed  and  Power  Stability 


In  general,  except  for  decoupled  operation,  the  critical  power  level  for 
stability  is  at  the  high  powers.  Initial  studies  have  indicated  that  tor¬ 
sional  oscillations  will  not  be  a  problem  in  this  power  class  and  applica 
tion.  It  should  be  recognized  that  in  the  event  the  rotor  shafting  design 
is  such  that  the  torsionals  do  occur,  the  high  inertia  of  the  fixed-tur¬ 
bine  engine  complicates  the  system  stability  problem.  Suitable  low- 
frequency  stability  should  be  obtainable  with  a  proportional  governor 
droop  of  5 -percent  speed. 


The  low  inertia  of  the  power  turbine  results  in  the  frec-turbine  engine 
being  better  than  the  fixed-turbine  engine  with  regard  to  torsional 


stability.  In  general,  the  free-turbine  engine  would  have  less  low-fre¬ 
quency  stability  margin  than  a  fixed-turbine  engine.  This  is  because  of 
the  added  lag  due  to  the  inertia  of  the  gas  producer  rotor. 

Rotor  Speed  Modulation 


In  the  operation  of  the  helicopter  it  may  be  desirable  to  vary  the  rotor 
speed  to  achieve  optimum  performance. 

The  fixed-turbine  engine  has  a  limited  usable  range  of  speed  for  un¬ 
restricted  collective  pitch  modulation  (rigure  85). 

The  free-turbine  engine  will  allow  a  wide  range  of  rotor  speed  opera¬ 
tion.  This  is  possible  because  the  gas  producer  is  net  mechanically 
connected  to  the  rotor,  and  thus  operates  independently. 

STARTING  ANALYSIS 

The  multiengine  requirement  of  the  HLH  and  the  consideration  of  larger 
engines  than  have  been  used  in  helicopters  prompted  an  investigation  of 
engine  starting.  This  investigation  included  consideration  of  various 
system  arrangements,  determination  of  starting  torque  requirements 
for  the  engines  studied,  and  an  analysis  of  control  operation  during  the 
start  cycle. 

System  Arrangement 


The  various  pneumatic  starting  systems  shown  in  Figure  86  were  in¬ 
vestigated  for  fixed-  and  free-turbine  engines.  The  simplest  fixed-tur¬ 
bine  approach  shown  is  that  of  Case  1.  This  system  assumes  that  all 
engines  are  started  simultaneously  by  either  GSE  or  on-board  air 
supply.  Note  the  minimum  number  of  valves  and  the  lack  of  clutches. 

An  analysis  was  made  which  showed  that  a  650-horsepower  starter  sys¬ 
tem  would  be  required  to  accelerate  the  power  train  to  groi  nd  ’die  with¬ 
in  30  seconds.  This  type  of  arrangement  would  require  a  large  on¬ 
board  air  supply  for  air  starts  and  ground  starts  in  remote  areas.  This 
approach  is  considered  inadequate  for  the  HLH. 

A  system  which  provided  sequential  starting  utilizing  clutches  and 
multiple  starters  (Case  2,  Figure  86)  was  considered  for  the  fixed  tur¬ 
bine.  This  arrangement  required  the  addition  of  clutches  and  associated 
controls  and  starter  shutoff  valves.  Available  starters  and  GSE  can  be 
used  with  this  system.  Cases  1  and  2  depend  solely  on  the  on-board  air 
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supply  for  air  starts.  Engine  motoring  by  the  power  train  is  not  feasible 
because  of  the  overrunning  clutch  unless  lock-out  devices  are  employed. 

Case  3  depicts  a  system  which  is  very  similar  to  the  Electra  and  PSA 
installations.  This  arrangement  provides  sequential  starting  utilizing 
air  bleed.  Once  one  engine  is  started  it  can  be  used  to  start  the  remain¬ 
ing  engines  or  to  assist  the  GSE;  this  results  in  minimum  cycle  time. 

More  important,  however,  is  the  ability  to  use  engine  bleed  for  air 
starts,  greatly  improving  the  reliability  of  the  start  system.  No  longer 
is  the  pilot  solely  dependent  on  the  auxiliary  air  supply.  Very  little 
weight  penalty  is  incurred  by  providing  bleed  air  for  starting,  since 
bleed  air  is  usually  required  by  the  aircraft  for  ice  protection,  etc. 

Another  system  (Case  4)  was  considered  which  provided  sequential  start¬ 
ing  utilizing  clutches  and  a  single  starter.  Number  one  engine  would  be 
started  and  accelerated  to  90-percent  design  r.  p.  m.  At  this  point,  the 
clutch  would  be  engaged  and  the  transmission  and  rotor  system  would 
be  accelerated  to  90-percent  design  speed  with  the  rotor  blade  angle  set 
at  minimum.  Then  the  clutch  would  be  engaged  on  engine  two  and,  after 
starting  this  engine,  the  clutch  would  be  engaged  on  engine  three. 

This  system  appears  simple  from  an  installation  viewpoint  however,  it 
is  inadequate  from  an  operational  viewpoint.  To  use  this  approach,  the 
overrunning  clutch  must  be  modified  to  permit  lock  out.  The  dependence 
on  the  successful  start  of  engine  number  one  before  engines  two  or  three 
could  be  started  would  reduce  the  operational  flexibility  of  the  HLH. 

Case  5  (Figure  86)  is  a  start  system  schematic  for  a  free-turbine  in¬ 
stallation.  This  system  is  identical  with  the  Case  3  fixed-turbine  sys¬ 
tem,  except  that  the  clutches  and  associated  controls  are  replaced  by  the 
free  turbines.  This  system,  which  provides  sequential  starting  utilizing 
air  bleed,  offers  a  high  reliability  for  air  starts  (three  energy  sources  in¬ 
stead  of  one),  on-board  ground  start  capability,  and  minimum  starting 
time. 

Maximum  use  of  vehicle  subsystems  and  low  start  torque  requirements 
has  led  to  the  use  of  hydraulic  and  electrical  starters  in  helicopters. 

The  analysis  made  for  the  pneumatic  systems  would  also  apply  to  these 
systems  if  hydraulic  motor/pumps  or  starter /generators  are  used.  Re¬ 
dundancy  of  the  starter  power  source,  such  as  provided  by  engine  bleed 
in  Cases  3  and  5,  could  be  provided  in  this  manner. 


Starting  Torque  Requirements 


The  engines  considered  in  this  study  are  of  two  basic  designs— T78  and 
T56 — and  as  such  can  be  categorized  into  two  groups  in  regard  to  start¬ 
ing.  The  fact  that  both  free-  and  fixed- turbine  engines  are  within  each 
group  should  not  affect  the  basic  start  torque  requirements.  This  is 
based  on  the  assumption  that  very  little  or  no  assist  is  obtained  from 
the  latter  stages  of  the  fixed  turbine  during  the  critical  phase  of  start¬ 
ing.  However,  in  the  determination  of  time  to  reach  ground  idle,  the 
difference  between  mass  moment  of  inertia  of  a  gas  producer  section 
and  a  complete  engine  must  be  considered. 

The  torque  required  during  motoring  and  that  available  once  self-sus¬ 
taining  speed  is  obtained  versus  engine  speed  is  shown  for  the  T78 
type  of  engines  in  Figure  87.  Also  included  on  this  figure  are  the  es¬ 
timated  effects  of  ambient  temperature  on  the  torque  characteristics. 

In  general,  the  shapes  of  the  characteristic  curves  are  similar  except 
for  the  perturbation  of  the  -65#F.  curve  in  the  6000-  to  9400-r.  p.  m. 
range.  This  results  from  the  anticipated  shift  in  compressor  stall 
characteristics  with  temperature  on  an  observed  speed  basis.  This 
plot  indicates  that  a  starter  capable  of  producing  approximately  25 
horsepower  at  3400  r.  p.  m.  (engine)  would  be  satisfactory  for  the  most 
severe  condition  (-65°F.  ambient).  Use  of  a  starter  of  this  capacity 
should  result  in  standard-day  start  times  of  approximately  18  seconds 
for  a  fixed-turbine  and  approximately  12  seconds  for  free-turbine 
versions  of  the  Model  T78. 

Figure  88  presents  (for  the  T 56-type  engine)  the  required  torque  during 
motoring  and  that  available  for  acceleration,  once  self-sustaining  speed 
is  obtained.  The  shape  of  the  curves  for  various  ambient  temperatures 
is  very  similar  to  the  T78,  but  the  motoring  requirements  are  some¬ 
what  higher.  This  results  from  the  higher  airflow  capacity  of  the  T56. 

A  starter  with  a  capacity  of  41  horsepower  at  2400  r.  p.  m.  would  be  re¬ 
quired  to  start  the  T56-type  engine  on  a  -65°F.  day.  Use  of  a  starier 
of  this  capacity  should  result  in  standard  day  start  times  of  approxi¬ 
mately  18  and  12  seconds  for  fixed-  and  free  -turbine  engines,  respec¬ 
tively. 

A  number  of  starter  types  were  investigated  for  suitability  for  the  power- 
plants  considered  in  this  study.  These  were  air  turbine  starters,  air- 
breathing  starters,  hydraulic  motor- pump  starter  systems,  and  electrical 
starter- generators.  Starting  requirements  for  the  turboshaft  engines 
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Figure  87.  Estimated  Starting  Characteristics  for  Models 
545-C2,  546-C2,  and  548-C2 

considered  in  this  study  are  modest  enough  that  any  of  these  starting 
systems  would  be  adequate.  It  is  recognized  that  current  aircraft  de¬ 
sign  practice  is  to  integrate  the  starter  system  into  the  airframe  auxiliary 
power  system.  For  this  reason,  a  specific  starter  configuration  has  not 
been  recommended. 
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Fuel  Control  Operation  During  Starting 


To  accomplish  start-up,  the  starting  motor  cranks  the  engine  to  approxi¬ 
mately  15-percent  speed,  at  which  time  fuel  flow  and  combustion  are 
initiated  to  assist  in  engine  acceleration.  When  the  engine  (and  starter) 
reaches  50-  to  60-percent  speed,  the  engine  will  develop  sufficient  turbine 
power  to  complete  the  acceleration  to  operating  speed  without  starter 
assist. 

The  controlling  or  scheduling  of  fuel  flow  to  the  engine  during  starting 
must  be  such  that  it  provides  the  maximum  turbine  power  consistent 
with  the  engine  operating  limits  of  compressor  surge  and  turbine  tem¬ 
perature.  Fuel  scheduling  is  accomplished  by  sensing  appropriate  air 
pressures  and  temperatures  and  the  engine  speed  to  establish  the  de¬ 
sired  fuel  flow.  The  specific  parameters  to  be  utilized  are  dependent 
on  the  type  of  engine  and  the  steady-state  scheduling  and  controlling  em¬ 
ployed.  The  clustering  of  several  engines,  and  the  fact  that  the  HLH  is 
a  large  vehicle,  do  not  dictate  any  special  scheduling  considerations. 

The  steady-state  control  is  to  be  accomplished  by  governing  the  output 
shaft  speed  by  regulating  the  fuel  flow.  This  closed-loop  concept  allows 
a  fair  degree  of  latitude  in  the  selection  of  fuel  schedule  bias  parameters. 
In  order  to  compensate  for  air  density  changes  associated  with  varying 
altitude,  the  scheduling  action  must  be  biased  by  an  air  pressure  signal, 
and  this  could  be  either  compressor  inlet  or  discharge  pressure.  Com¬ 
pressor  discharge  pressure  sensing  is  desired,  since  during  starting  and 
engine  acceleration  it  provides  corrective  action  in  the  event  of  a  com¬ 
pressor  surge.  In  addition,  the  icing  problem  that  can  occur  with  the 
probe  located  at  the  compressor  inlet  is  eliminated. 

Start  and  acceleration  fuel  scheduling  must  also  be  biased  by  an  air 
temperature  signal  to  obtain  the  correct  metered  fuel  flow  for  main¬ 
taining  a  turbine  temperature.  This  bias  temperature  could  be  sensed 
at  either  the  compressor  inlet  or  discharge.  Compressor  discharge 
temper.. -are,  in  theory,  would  be  the  most  accurate.  However,  it  re¬ 
quires  sensing  a  gas  of  a  moderately  high  temperature  level  and  large 
temperature  range,  and  can  impose  undesirable  lags  during  the  engine 
speed  transient  due  to  sensor  (and  servo  system)  lag.  Compressor  in¬ 
let  temperature  is  desired  because  of  its  temperature  1*M’*»1,  range,  and 
insensitivity  to  engine  speed. 

On  regenerative  gas  turbine  engines,  another  air -temperature  scheduling 
parameter  is  required.  To  compensate  for  dynamic  lag  and  steady- 
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state  variations  in  the  regenerator,  the  burner  inlet  temperature  must 
be  sensed  if  reasonably  precise  scheduling  is  required  during  starting 
and  acceleration.  The  burner  inlet  temperature  parameter  would  be 
employed  in  conjunction  with  compressor  inlet  temperature. 

The  start  fuel  schedule  must  be  established  as  a  function  of  engine  speed, 
and  for  a  free  turbine  engine  it  is  the  gas  producer  speed.  This  signal 
allows  adjustment  of  fuel  schedule  for  the  airflow  variation  associated 
with  speed,  including  the  effects  of  variable  compressor  geometry 
(vanes,  bleeds,  etc. ).  It  also  provides  sequential  signals  to  operate  an 
automatic  starting  system  and  any  compressor  variable  geometry. 

A  closed-loop  temperature  limiter  is  desired  to  protect  against  extreme 
turbine  temperatures  during  starting.  Since  closed-loop  turbine  tem¬ 
perature  limiting  is  desired  during  steady-state  operation,  it  can  be 
provided  for  starting  protection  without  significantly  increasing  system 
complexity.  Closed-loop  turbine  temperature  limiting  would  be  accom¬ 
plished  by  thermocouple  sensing  the  gas  temperature  and  using  an 
electronic  amplifier  control  to  compare  the  thermocouple  signal  to  a 
reference  in  order  to  establish  the  turbine  temperature  error.  This 
would  then  be  transmitted  to  the  fuel  control  to  modify  scheduling. 

Figure  89  is  a  functional  diagram  of  the  start  and  acceleration  schedul¬ 
ing  portion  of  the  fuel-control  computer  for  a  nonregenei*ative  engine. 
This  hydromechanical  scheduling  with  closed-loop  limiting  is  identical 
to  the  approach  to  be  employed  in  the  modern  T56  control,  and  to  be 
employed  on  the  Model  548-C2  engine. 

For  a  regenerative  engine,  the  scheduling  is  very  similar,  with  the  addi¬ 
tion  of  the  burner  inlet  temperature  compensator.  This  is  illustrated 
functionally  in  Figure  90  and  is  identical  to  that  of  the  T78-A-2. 
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Figure  89.  Start  and  Acceleration  Schedule  for  a  Nonregenerative  Engine 


Figure  90.  Start  and  Acceleration  Schedule  for  a  Regenerative  Engine 


(U)  POWER  COUPLING  STUDIES 


The  design  gross  weight  of  the  HLH  is  such  that  the  power  requirement 
will  be  more  than  double  that  installed  in  the  largest  helicopter  now  in 
service.  This  large  power  requirement  will  dictate  the  use  of  a  mini¬ 
mum  of  three  engines  and  possibly  four,  depending  on  the  final  vehicle 
configuration.  The  problems  associated  with  combining  the  power  out¬ 
put  of  the  engines  and  the  transmission  of  this  power  to  the  rotor(s)  are 
of  vital  concern  to  engine,  transmission,  and  vehicle  designers.  In 
addition,  the  use  of  large  diameter  rotors  (100  feet)  and  the  limitations 
on  rotor  tip  speed  (650  to  700  feet  per  second)  require  that  a  large 
speed  reduction  be  provided  between  the  engine  and  the  rotor  shaft. 

These  problems  are  discussed  in  this  section,  which  includes  subsections 
on  combining  and  reduction  gearing,  shafting,  clutches,  safety  devices,  and 
gas -coupled  rotor  drives. 

COMBINING  GEARING 


Use  of  multiple  engines  in  the  HLH  will  require  combining  of  power 
prior  to  or  following  entry  into  the  main  transmission.  Early  in  the 
study,  it  was  recognized  that  combining  power  prior  to  main  trans¬ 
mission  entry  should  be  avoided,  if  possible.  A  simpler  and  lighter  de¬ 
sign  results  by  integrating  the  engine  combining  gears  into  the  main 
transmission  so  that  redundant  gear  cases,  seals,  bearings,  and  gears 
are  eliminated. 

Geared  transmissions  were  investigated  which  provided  for  engine  in¬ 
stallation  parallel  to  the  vehicl  axis,  and  for  installation  skewed  at  an 
angle  sufficient  to  provide  engine  clearance  and  still  permit  driving  in¬ 
to  a  single  spiral  bevel  gear  with  no  offset. 

Engines  mounted  parallel  to  the  axis  of  the  vehicle  have  some  advantage 
because  the  inlets  point  straight  forward  for  better  ram  air  pressure 
recovery.  However,  at  the  low  forward  speed  now  planned  for  HLH, 
the  beneficial  effect  on  performance  is  at  best  negligible  and  may  not 
exist  when  rotor  downwash  vectors  and  fuselage  interference  from  a 
specific  installation  are  considered.  Scale  effects  introduced  by  the 
size  of  the  HLH  make  the  use  of  skewed  engines  quite  attractive.  Trans¬ 
mission  design  is  simplified  and  frontal  area  of  the  propulsion  package 
is  compatible  with  the  fuselage  widths  currently  being  considered.  In 
this  approoch,  the  power  from  each  engine  can  be  directed  through  an 
individual  right- angle  gear  mesh  which  also  serves  as  part  of  the 
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overall  speed-reduction  train.  The  gear  and  bearing  problems  associ¬ 
ated  with  a  right -angle  drive  are  greatly  reduced,  since  the  power - 
combining  function  is  delayed  until  the  corner  has  been  turned. 

Two  basic  transmission  designs  were  investigated  in  sufficient  detail  to 
obtain  insight  into  the  combining  gearing  problem.  Because  of  the  dif¬ 
ficulty  in  separating  the  combining  function  from  the  total  speed  reduc¬ 
tion  function,  complete  transmissions  were  considered.  The  design 
paramt+ers  assumed  for  this  study  were  as  follows: 


•  Design  Input  Power 

•  Input  Speed 
4*  Rotor  Speed 

•  Cross-Shaft  Speed 

•  Maximum  Continuous  Moment  On 

•  One  Alternator  Drive 

•  One  Tachometer  Drive 

•  Rotor  Brake  and  Lock  Required 


15,000  horsepower 
19,300  r.  p.  m. 

1 50  r.  p.  m. 

6,000  or  19,300  r.p.  m. 
Rotor  Shaft  1 ,500,000  pound- inches 


Parallel  Arrangement 


Two  parallel  combining  gear  arrangements,  directly  coupled  to  a  differ¬ 
ential  planetary  final  reduction  stage,  were  studied.  The  first  arrange¬ 
ment  (Figure  91)  combines  four  Model  548-C2  engines  into  the  main 
transmission  housing.  The  second  arrangement  (Figure  92)  combines 
four  regenerative  engines  into  a  similar  housing.  The  basic  difference 
between  the  two  arrangements  is  the  distance  required  between  the  en¬ 
gines.  The  regenerative  engines  require  a  minimum  distance  of  36 
inches  between  engines  and  the  Model  548-C2  engines  require  a  mini¬ 
mum  distance  of  24  inches  between  engines.  For  the  24- inch  center 
distance,  the  engines  drive  double  helical  pinions  which  mesh  with  a 
common  bull  gear.  The  36-inch  center  distance  requires  an  idler  gear 
between  the  pinions  and  the  bull  gear.  In  each  case,  an  overrunning 
clutch  is  provided  on  each  engine  shaft  for  "engine-out"  conditions. 

The  main  transmission  housing  contains  two  bevel  pinions  driven  by  the 
combining  bull  gears.  These  pinions  mesh  with  a  common  bevel  ring 
gear  to  provide  a  single  shaft  input  to  the  differential  sun  pinions.  The 
sun  pinion  drives  twelve  planets  which  mesh  with  an  output  ring  gear 
and  two  fixed  ring  gears.  The  angular  spacing  between  the  planete  i.-, 
maintained  by  the  tooth  reactions  from  the  ring  gears,  making  a  planet 
cage  unnecessary.  At  low  speeds  when  centrifugal  force  acting  on  the 
planets  does  not  exceed  the  inward  tooth  reaction  component,  the  radial 
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Symmetrical  Engine  Arrangement  -  150  r.  p.  m. 

Two  of  Four  Engines  Shown  5f  350, 000  in.  /lb. 

12,  750  h.p. 


1.  Combining  Gearing— Parallel  Arrangement  Using  Four  Model  548-C2  Engines 


UL 


Regenerator  Free 
Turbine  Engine 


load  on  the  planets  is  reacted  on  planet  rings  that  roll  on  corresponding 
rings  attached  to  the  sun  pinion.  At  higher  speeds,  when  centrifugal 
force  exceeds  the  inward  mesh  reaction  component,  the  planets  roll  on 
fixed  outer  rings.  The  weight  of  each  planet  is  such  that  centrifugal 
force  is  nearly  balanced  by  the  mesh  react! on, and,  at  full  speed  and 
torque,  the  rolling  contact  stress  is  low. 

The  parallel  approach  also  could  be  applicable  to  twin  rotor  systems. 
Two  engines  could  be  arranged  to  drive  each  reduction  gear  assembly. 
The  same  clutches,  pinions,  and  firBt-stage  gears  could  be  used  while 
the  tail  rotor  drive  would  be  utilized  for  a  cross-shaft  drive.  The 
planetary  train,  although  identical  in  principle  and  ratio,  would  be 
sized  for  7500  horsepower. 

The  parallel  arrangement  approach  appears  feasible;  however,  there 
are  several  inherent  problems.  The  coupling  of  two  4500-horsepower 
engines  so  that  they  drive  through  one  spiral  bevel  set  results  in  high 
gear-tooth  and  bearing  loading.  This  loading  is  multiplied  by  the  re¬ 
duction  ratio  between  the  engine  drive  and  the  bull  gear.  Arrangement 
of  the  engines  fore  and  aft  of  the  rotor  axis  can  result  in  an  exhaust  in¬ 
gestion  problem.  In  addition,  the  transmission  will  be  heavier  than  the 
skewed  arrangement  subsequently  diBCUBeed.  Because  of  these  factors, 
further  study  of  this  approach  was  deemed  unwarranted. 

Skewed  Arrangement 


The  skewed  arrangement  of  the  power  sections  allows  transmission  of 
power  through  individual  spiral  bevel  gears  into  a  first-stage  ring  gear. 
This  reduces  the  gear  and  bearing  loading.  In  addition,  installation 
studies  showed  that  the  skewed  arrangement  is  adaptable  to  both  single 
and  tandem  rotor  vehicles  (Figures  112  and  113).  Therefore,  to  es¬ 
tablish  the  credibility  of  this  approach  from  a  transmission  standpoint, 
a  preliminary  design  investigation  was  made.  The  resulting  preliminary 
design  is  presented  in  Figures  93,  94,  and  95. 

The  bevel  gear  arrangement  shown  in  Figure  93  provides  the  primary 
reduction  from  a  turbine  speed  of  19,320  r.  p.  m.  to  2,250  r.  p.  m.  The 
bevel  ring  gear  is  driven  by  three  bevel  pinion  inputs.  Provision  is 
made  for  a  speed-increasing  power  takeoff  for  a  tail  rotor  drive  or 
phasing  shaft.  A  fifth  bevel  pinion  connects  the  entire  reduction  gear 
train  to  a  rotor  lock  and  brake,  as  shown. 
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Sizing  of  the  bevel  gears  is  based  on  stress  levels  slightly  less  titan  the 
state-of-the-art  maximum  of  30,000-p.  s.  i.  tooth  bending  stress  and 
250,000-p,  s.  i.  surface  compressive  stress  established  by  Gleason 
Works.  Modified  tooth  geometry  results  in  strength  balance  between 
the  bevel  pinions  and  the  bevel  ring  gear.  Both  gear  elements  are 
straddle -mounted  to  maintain  rigid  alignment  and  minimum  shifting  of 
tooth  contact  patterns  throughout  the  operating  torque  range.  The  ar¬ 
rangement  was  reviewed  by  Gleason  Works,  and  no  serious  problems  are 
contemplated  on  the  basis  of  design  stress  levels  and  speeds. 

A  serious  design  problem  exists,  however,  in  the  questionable  scoring 
resistance  of  the  high-speed  mesh.  Evaluation  of  calculated  scoring 
parameters  indicates  that  scoring  will  occur  with  MIL- L- 7808  oil  as 
the  lubricfr*  at  any  inlet  oil  temperature.  To  prevent  scoring,  a  lubri¬ 
cant  with  higher  scoring  resistance  is  required.  Evaluation  of  MIL-L- 
23699  lubricant  or  a  high-viscosity  EP  petroleum  oil  is  recommended, 
Initial  evaluation  of  lubricants,  platings,  and  coatings  can  be  made  on 
the  Ryder  rig  at  similar  operating  conditions.  The  overall  scoring  in¬ 
vestigation  should  lead  to  full-scale  testing  of  actual  bevel  gear  com¬ 
ponents. 


The  HLH  bevel  gear  preliminary  design  parameters  are: 


Bevel  Gear  Ratio 
Pitch  Diameter,  Gear 
Pitch  Diameter,  Pinion 
Diametral  Pitch 
Pitch  Line  Velocity 
Spiral  Angle 
Pressure  Angle 
Scoring  Index 


20:170 
34.  0  inches 
4.  0  inches 
5.00 

20,  200  feet  per  minute 
35  degrees 
20  degrees 
41,  800 


The  final  gear  stage  in  the  transmission  employs  a  split  torque  gear 
train  which  was  selected  for  this  application  because  of  the  relatively 
high  gear  ratio  which  can  be  achieved  combined  with  low  planet  carrier 
speeds  and  centrifugal  bearing  loads  and  the  dual  torque  path  to  the 
rotor  which  permits  the  use  of  smaller  output  gears  and  bearings.  The 
30- inch  span  between  radial  bearings  on  the  rotor  shaft  was  selected 
from  turboprop  engine  experience  in  which  an  11-inch  span  was  used 
with  propeller  1  X  P  moments  up  to  225,  000  pound-inches.  It  is  be¬ 
lieved  that  significantly  larger  spans  would  create  unnecessary  weight 
and  introduce  undesirable  midspan  deflections. 
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All  main  power  train  bearings  have  been  sized  for  BIO  life  based  on 
Allison  turboprop  engine  experience.  These  bearings,  under  continuous 
design  power  operating  conditions,  have  demonstrated  very  satisfactory 
service  experience  in  Allison  commercial  and  military  engines.  The 
bearing  parameters  were  also  reviewed  based  on  the  mean  effective 
power  for  specific  missions. 

Although  the  standard  Anti- Friction  Bearing  Manufacturers  Association 
(AFBMA)  life  calculation  is  used  for  preliminary  sizing  of  the  bearings 
and  for  comparison  with  experience,  many  other  factors  are  considered 
in  the  final  analysis.  These  factors  are: 

•  Premium  quality  material  (used  in  present  Allison  engines) 

•  Lubricant 

•  High-speed  factors 

•  Method  of  lubrication 

The  spherical  roller  bearings  were  selected  for  the  planet  gears  to  iso¬ 
late  deflections  of  the  carrier  trunnions  and  rotor  .shaft  from  the  gear 
tooth  mesh  and  from  the  bearings.  This  arrangement  is  based  on 
Allison  experience  with  similar  planet  systems.  Further  investigation 
of  the  integral  planet  bearing  and  gear  design  is  desired  to  determine 
bearing  capacity  and  race  deflections. 

The  tapered  roller  bearing  arrangement  at  the  bottom  of  the  bevel  drive 
gear  was  selected  to  permit  positive  location  of  the  gear  in  both  axial 
directions.  This  is  to  prevent  tight  gear  mesh  under  light  loads  due  to 
gear  weight.  Operating  speeds  and  loads  are  considered  within  ncrmal 
tapered  roller  bearing  practices.  Experience  with  tapered  roller  bear¬ 
ings  in  Allison  military  and  commercial  transmissions  was  used  as  a 
guide. 

The  cylindrical  roller  bearings  supporting  the  upper  end  of  the  bevel 
drive  gear,  the  bottom  planet  carrier  (rotor  shaft),  and  the  ball  bearing 
at  the  top  of  the  rotor  shaft  are  considered  well  within  normal  bearing 
practices. 

A  ball-thrust  and  two-cylindrical-bearing  arrangement  was  selected  for 
the  input  drive  shafts.  The  high  speed  and  the  heavy  thrust  and  radial 
loads  dictate  this  arrangement.  Other  arrangements  studied  were  as 
follows. 
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•  A  tapered  roller  bearing  arrangement  woulo  be  desirable  to  provide 
positive  axial  location  for  optimum  mounting  of  the  bevel  pinion. 

The  1,400,000  DN  value,  however,  is  well  above  normal  limits  for 
this  tvpe  of  bearing.  The  flange  friction  inhei  ent  in  this  type  of 
bearing  is  also  undesirable. 

•  A  duplex  ball  bearing  was  considered  to  further  reduce  centrifugal 
force  loads;  however,  a  computer  analysis  indicated  that  the  outer 
race  Hertz  stress  was  less  when  a  single  thrust  bearing  was  used. 
Inner  and  outer  race  differential  contact  angles  and  shoulder 
heights  are  within  acceptable  practice  for  thrust  bearings.  A 
single  ball  thrust  bearing  was  selected  due  to  the  cost,  reliability, 
and  assembly  advantages. 

The  larger  roller  bearing  on  the  bevel  pinion  drive  shaft  was  analyzed 
by  IBM  computers  to  evaluate  centrifugal  force  loads.  This  study  indi¬ 
cated  that  the  bearing  life  was  still  controlled  by  the  inner  ring  life. 
Therefore,  normal  bearing  life  should  be  achieved  with  normal  distri¬ 
bution  among  the  bearing  components. 

The  smaller  input  shaft  roller  bearing  and  the  small  ball  bearing  should 
be  closely  evaluated  due  to  the  high  speed.  Skidding  of  high-speed  roller 
bearings  has  in  the  past  contributed  to  excessive  bearing  and  related 
gear  failures. 

The  lubrication  system  is  arranged  to  provide  accessibility  to  all  pumps 
and  valves.  A  regulated  system  pressure  of  50  p.  s.i.  is  recommended 
for  the  transmission  to  permit  the  use  of  large  jet  holes  and  to  minimize 
the  danger  of  plugging.  One  exception  to  this  rule  is  the  high-speed 
pinion  mesh  where  a  pressure  of  180  p.  s.  i.  is  required  to  obtain  pene¬ 
tration  into  the  gear  teeth  as  they  come  out  of  mesh.  The  lubrication 
system  schematic  is  shown  in  Figure  93. 

The  transmission  includes  a  unique  rotor  brake  and  lock.  This  device 
is  discussed  under  the  subsection  titled  Safety  Devices.  Note  that  this 
device,  as  well  as  pressure  regulators,  pumps,  and  filters,  can  be 
readily  removed  for  service  without  disturbing  the  transmission  or  the 
installation.  This  feature  will  reduce  maintenance  time,thereby  in¬ 
creasing  flight  availability  time. 

CROSS-SHAFTING 

Present  planning  by  industry  for  the  HLH  indicates  the  need  for  cross 
shafting  over  a  span  of  approximately  60  feet  to  connect  tandem  rotors 


or  drive  an  antitorque  rotor.  Past  and  present  practice  has  been  to  de¬ 
sign  such  shafts  to  operate  below  their  first  critical  speed  by  usins>  sup¬ 
port  bearings  spaced  at  intervals  determined  by  the  operating  speed  of 
the  shafting.  Larger  vehicles  which  require  longer  shafting  will  use 
more  bearing  supports  with  a  corresponding  reduction  in  system  reli¬ 
ability.  As  shown  in  Figure  96,  the  weight  of  a  simple  shaft  designed 
to  transmit  a  given  power  will  decrease  with  increasing  speed.  How¬ 
ever,  when  bearing  supports,  are  added  to  the  shafting,  the  combined 
subcritical  system  weight  is  a  minimum  near  6000  r.p.  m.  and  becomes 
heavier  at  the  higher  speeds,  as  shown  in  Figure  96.  To  take  advantage 
of  lightweight,  high-speed  shafting,  it  is  desirable  to  operate  at  super¬ 
critical  speeds  by  removing  some  of  the  intermediate  bearing  supports. 
A  very  significant  amount  of  theoretical  and  subscale  test  work  has 
been  accomplished  at  the  Battelle  Memorial  Institute  under  the  sponsor¬ 
ship  of  USA  AML,  showing  that  supercritical  designs  may  be  feasible  for 
cross  shafting  in  the  HLH.  Accordingly,  Figure  97  was  prepared  using 
information  from  the  Battelle  studies  to  show  mechanical  features 
which  are  considered  desirable.  First,  although  the  total  span  may 
approach  60  feet,  it  is  believed  two  30-foot  lengths  should  be  con¬ 
sidered^  simplify  manufacturing,  transporting,  and  replacement  in 
the  field.  Aluminum  shafts  can  be  extruded  in  the  required  length 
economically  and  with  close  control  of  variations  in  wall  thickness. 

All  bearings  and  shafts  should  be  designed  for  individual  service  and 
replacement  without  disturbing  transmission  installations,  and  should 
be  oil  lubricated  to  simplify  servicing  and  to  improve  reliability  at  the 
higher  supercritical  speeds. 

Close  coordination  between  airframe  and  shafting  designers  will  be  re¬ 
quired  to  ensure  that  deflections,  spring  rates,  and  damping  factors  of 
the  two  systems  are  compatible  with  each  other  and  with  exciting  forces 
created  by  rotor  blade  passage  and  engine  disturbances. 

The  shafting  system  shown  in  Figure  97  represents  a  generalized  ap¬ 
proach  which  could  be  used  in  a  typical  installation.  Specific  design 
features  would  be  modified  to  adapt  the  system  to  each  particular  air¬ 
frame.  For  instance,  the  first  shaft  mode  falls  at  12  cycles  per  second. 
This  frequency  would  be  unsuited  for  use  with  a  six-bladed  rotor  operat¬ 
ing  at  120  r.  p.  m.,due  to  the  coincidence  of  rotor  blade  passage  fre¬ 
quency  with  the  fundamental  shaft  resonance.  Airframe  bending  mode^ 
can  lie  in  the  range  of  5  to  30  cycles  per  second;  the  shaft  design  should 
avoid  placing  the  lower  frequency  modes  near  major  fuselage  bending 
frequencies. 


159 


Length  Of  Shaft  =  60  Feet 
Operating  Speed  =  67  Percent  Of  Nc 
Design  Power  =  2500  Horsepower 


6,000  8,000  10,000  12,000  14,000  16,000  18,000  20,000 

Shaft  r.p.  m. 

Figure  96.  Subcritical  Shaft  Weight 


The  shaft  is  designed  so  that  it  operates  below  the  nineteenth  mode 
critical  speed  at  design  speeds  up  to  20,000  r.  p,  m.  The  two  damper 
bearings  on  each  of  the  shaft  sections  should  suffice  to  dampen  all  shaft 
modes  encountered  this  speed  range.  Placement  of  these  bearings  is 
based  on  the  work  performed  at  Battelle  Memorial  Institute.  One  damper 
is  at  the  first  antinode  for  the  fourth  mode  and  will  be  effective  primarily 
in  damping  the  lower,  simpler  modes.  The  other  damper  is  at  the  first 
antinode  for  the  twelfth  mode  and  will  dampen  the  higher  frequency  modes. 
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The  spring  rat'-s  and  damping  coefficients  should  be  selected  as  de¬ 
scribed  in  the  Battelle  report.  *  This  selection  will  be  influenced  by  the 
airframe  dynamic  characteristics  and  thus  has  not  been  accomplished  on 
this  preliminary  design.  In  addition,  Allison  test  experience  has  shown 
that  there  is  a  good  possibility  that  shaft  resonances  can  be  controlled 
by  attaching  a  nonrotating  inertial  mass  to  the  shaft  at  the  proper  points. 
Dynamic  analysis  of  this  concept  may  lead  to  more  optimum  configura¬ 
tions. 

The  shaft  is  sized  jn  the  basis  of  minimum  weight  for  the  required 
torque  loading,  with  a  wall  thickness  that  will  not  present  great  diffi¬ 
culty  in  fabrication  in  the  desired  lengths.  Further  evaluation  of  the 
shaft  design  would  include  studies  of  trade-offs  between  wall  thickness, 
weight,  manufacturing  costs,  handling  fragility,  and  buckling  potential. 
Improvements  in  beryllium  technology  may  make  the  use  of  this  ma¬ 
terial  feasible  if  costs  are  not  prohibitive. 

The  design  includes  a  fixed  midspan  bearing.  This  feature  tends  to  de¬ 
couple  the  two  sections  of  the  shaft  and  thus  reduces  by  half  the  number 
of  vibrational  modes  by  eliminating  symmetric  and  unsymmetric  modes 
in  which  the  midpoint  would  act  as  a  simple  support.  Experience  has 
shown  that  conventional  splines  are  incapable  of  sliding  while  trans¬ 
mitting  high  torque.  Airframe  deflections  and  thermal  effects  will  re¬ 
quire  the  shaft  system  to  accommodate  axial  motion.  As  shown  in 
Figure  97,  a  ball  spline  located  at  the  midbearing  pillow  block  and  a 
second  spline  (not  shown)  at  one  end  of  the  shafting  will  allow  axial 
motion  while  transmitting  torque.  Flexible  couplings  used  in  many 
current  installations  are  not  considered  necessary  with  supercritical 
shafts  of  this  type  because  of  their  relatively  low  spring  rate  and  cor¬ 
respondingly  reduced  bearing  loads  resulting  from  shaft  deflections. 
Static  deflection  of  the  illustrated  shafts  would  be  approximately  1 
inch  at  midspan.  The  corresponding  value  for  a  60-foot  shaft  would  be 
16  inches,  assuming  simple  supports  at  the  ends.  When  vertical  gravity 
loads  are  introduced  it  will  be  necessary  to  consider  airframe  clear¬ 
ances  which  are  appreciably  larger  than  those  of  current  practice. 


*R.  G.  Dubensky,  C.  C.  Miller,  Jr.,  and  J.  E.  Voorhees,  Design 
Criteria  For  High-Speed  Power-Transmission  Shafts,  Technical 
Documentary  Report  No.  ASD-TDR-62-728  (Part  1).  Flight  Acces¬ 
sories  Laboratory.  Directorate  of  Aeromechanics,  Aeronautical  Sys 
terns  Division,  Air  Force  Systems  Command,  Wright -Patterson  Air 
Force  Base,  Ohio,  January  1963. 
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Damper  bearing  housings  are  split  horizontally,  for  easy  bearing  in¬ 
spection,  and  are  provided  with  small  oil  sumps  to  provide  splash  lubrica¬ 
tion  without  adding  excessive  unsprung  mass  to  the  shaft.  The  aluminum 
shaft  is  flame-plated  with  tungsten  carbide  in  the  bearing  track  to  pro¬ 
vide  a  wear-resistant  surface.  For  long  service  and  to  avoid  shaft 
damage,  nonrubbing  rubber  labyrinth  seals  are  used  to  retain  oil  in  the 
housings.  A  very  small  amount  of  compressor  bleed  air  at  a  pressure 
of  0  to  10  inches  of  water  would  be  required  to  create  a  favorable  pres¬ 
sure  differential  across  the  seals,  \irflow  into  the  housings  would  be 
vented  overboard  through  a  simple  oil  centrifuge.  To  ensure  intimate 
contact  between  each  set  of  damper  bearings  and  the  shaft,  one  bearing 
is  spring-mounted  so  that  a  predetermined  preload  can  be  applied  when 
the  housing  shell  is  bolted  together.  This,  or  a  similar  feature,  is 
considered  essential  in  transmitting  damping  loads  into  the  shaft  with¬ 
out  excessive  vibration  and  shaft  wear. 

•\  preliminary  comparison  between  the  weight  of  a  conventional  sub- 
critical  shaft  turning  6,000  r.  p.  m.  and  the  19,300-r.  p.  m.  shaft  being 
described  is  presented  in  Table  12. 

TABLE  12 

COMPARISON  OF  CROSS-SHAFT  WEIGHTS 


Material 

Steel 

Aluminum 

Speed,  r.  p.  m. 

6,000 

19,  300 

Length,  Feet 

60 

60 

Horsepower 

2,  500 

2,  500 

Torque,  Pound-Inches 

26, 200 

8,  150 

Outside  Diameter,  Inches 

2.  5 

2.  5 

Inside  Diameter,  Inches 

2.  3 

2.  15 

Shear  Stress,  p.  s.i. 

30, 000 

5,930 

Shaft  Weight,  Pounds 

192 

94 

No.  of  Bearing  Supports 

15 

5 

-Bearing  Weight,  Pounds 

120 

50 

Total  Weight,  Pounds 

312 

144 

^Weight  of  bearing  support  structure  not 

inc luded. 

From  the  preliminary  calculations,  the  empty  weight  of  the  HLH  can  be 
reduced  by  at  least  168  pounds  if  supercritical  shafts  are  used  in  single 
rotor  designs.  The  weight  reduction  in  dual  rotor  machines  will  be  some¬ 
what  larger  due  to  the  greater  power  which  must  be  transmitted  and  the 
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increased  size  of  the  associated  compm^nts.  Additional  weight  savings 
should  also  be  realized  when  airframe -furnished  support  points  are  in¬ 
cluded  in  the  analysis. 

The  effect  of  torsional  windup  was  considered  for  a  series  of  steel 
shafts  designed  to  transmit  2,  500  horsepower  at  speeds  from  G,  000 
to  19,  300  r.  p.  m.  Wall  thicknesses  wi  re  arbitrarily  set  at  0.  1  inch 
as  the  lightest  design  in  steel  which  could  be  manufactured  econom¬ 
ically  and  provide  long  life  in  the  field.  Shaft  diameters  were  selected 
to  provide  a  shear  stress  of  30,000  p.  s.  i.  As  shown  in  Figure  98, 
shaft  windup  increased  in  the  smaller,  faster  shafts.  However,  when 
these  windups  were  converted  through  increasing  gear  ratios  to  a 
common  output  speed,  the  windup  at  the  rotor  decreased  with  higher 
cross-shaft  speeds.  Therefore,  it  would  appear  that  better  timing  be¬ 
tween  dual  rotors  can  be  achieved  with  high-speed  c  'oss-shafts. 

In  summation,  it  is  believed  that  significant  weight  can  be  saved  and 
system  reliability  improved  by  using  supercritical  cross- shafting  in 
the  HLH.  An  extensive  analytical  and  full-scale  test  program  will  be 
required  when  a  vehicle  configuration  is  established  to  demonstrate 
compatibility  between  the  shafting  and  airframe  systems. 

CLUTCH  ANALYSIS  AND  DESIGN 


Hydraulically  actuated  disk  clutches  were  studied  for  fixed  shaft  en¬ 
gines.  From  this  study,  it  is  concluded  that  a  friction-type  clutch  is 
feasible  and  that  it  can  be  developed  into  a  reliable  piece  of  equipment. 

The  following  characteristics  of  the  rotor  were  selected  as  representa¬ 
tive  for  study  purposes: 

•  Minimum  air  drag  or  power  required  to  turn  the  rotor  at  rated 
speed  (150  r.  p.  m. )  is  1  500  horsepower. 

•  Polar  moment  of  inertia  at  the  rotor  shaft  is  130,000  slug-feet 
squared. 

Preliminary  investigation  revealed  the  desirability  of  having  a  clutch 
assembly  on  each  engine  drive  shaft  rather  than  one  large  clutch  in  the 
reduction  gear.  This  arrangement  would  minimize  the  individual  size 
of  the  clutch  and  provide  greater  reliability  and  versatility  of  operation 
and  installation. 


Shaft  Windup  —  Degrees  Equivalent  Windu 


Shaft  r.  p.  m. 


Figure  98.  Shaft  Windup  as  a  Function  of  Shaft  r.  p.  m. 
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The  ability  to  make  a  complete  rotor  acceleration  and  clutch  engage¬ 
ment  in  less  than  30  seconds  using  three  engines  was  selected  as  a  de¬ 
sign  target.  The  major  parameter  determining  the  size  and  cooling  oil 
flow  rate  of  a  clutch  of  this  type  is  the  rate  of  heat  dissipation.  Accord¬ 
ingly,  the  clutch  size  and  cooling  oil  flow  rate  can  be  optimized  by 
scheduling  the  slip  torque  versus  output  speed  or  slip.  This  can  be 
accomplished  conveniently  by  (1)  having  the  clutch  control  pi3tons  on 
the  output  side  of  the  clutch  and  (2)  designing  to  make  use  of  the  cen¬ 
trifugal  head  pressure  developed  in  the  clutch  engagement  chamber  as 
output  speed  increases.  A  clutch  torque  characteristic  compatible  with 
the  use  of  centrifugal  head  pressure  was  optimized  as  shown  in  Figure 
99.  The  designed  torque  characteristic  meets  the  clutch  time  design 
target  and  has  a  maximum  slip  torque  below  the  hot-day  power  avail¬ 
able  characteristics  of  the  Model  545-C2  engine.  Ample  margin  is 
provided  to  allow  for  clutch  variation  and  engine  deterioration. 

Rotor  acceleration  characteristics  are  shown  in  Figure  100.  Three 
curves  were  determined, based  on  engaging  two,  three,  and  four 
clutches  simultaneously.  With  the  output  side  of  the  clutches  geared 
together  to  the  rotor  and  the  torque  characterises  being  a  function  of 
clutch  output  speed,  all  engines  would  automatically  share  the  load  dur¬ 
ing  an  engagement. 

Two  curves  on  heat  rejection  rate  are  shown  in  Figure  99.  One  is 
based  on  the  engine  clutch  input  speed  being  held  constant  at  100-per¬ 
cent  rated  speed  and  the  other  based  on  reducing  the  engine  speed  to  90- 
percent  rated  speed  during  the  slip  engagement  period.  By  integrating 
these  curves  with  the  acceleration  time  curves  of  Figure  100,  the  total 
heat  rejection  can  be  determined. 

As  the  air  drag  torque  is  a  relatively  small  portion  of  the  total  clutch 
torque,  the  total  heat  rejection  does  r.ot  change  substantially  with  the 
acceleration  time  associated  with  number  of  engines  or  clutches  used. 

It  would  be  somewhat  smaller  as  the  time  is  reduced.  The  total  heat 
rejection  associated  with  the  three-engine  engagement  was  calculated 
to  be  22,835  B.  t.  u.  with  100-percent  speed  input  and  17,930  B.  t.  u.  with 
90- percent  speed  input.  It  can  be  seen  that  even  though  the  maximum 
heat  rejection  rate  is  reduced  only  10  percent,  total  heat  rejection  is 
reduced  by  more  than  21  percent.  A  cooling  oil  flow  rate  of  approxi¬ 
mately  220  pounds  per  minute  per  clutch  or  a  total  of  660  pounds  per 
minute  for  the  three  clutches  is  required  for  90-percent  input  speed  en¬ 
gagements.  When  it  is  considered  that  the  rotor  reduction  gear  would 
require  over  500  pounds  per  minute  oil  flow  for  normal  lubrication. 


I 


167 


0006 


•v 

05 

U 


3  2 

g*« 

&  js 
u 


(0  CO  to 
V  O  4' 
-fi  £  £ 
u  u  u 

4_l  ♦J 

3  3  3 

uuo 

n  f)  'f 


o 

05 


o 

co 


o 

t- 


o 


8 


o 


o 

CO 


o 

CO 


& 

•H 

(0 

2 

1 

3 

U 

05 

ftt 

I 

■8 

<15 

5* 


8. 


J3 

C5 

*» 

o 


jattOdasaoH  -  uojpatan  JB&H 


o 

o 

o 

co 


o 

t— 


8 

o 

co 


o 

in 


8  8 


o 

u< 


o 

CO 


o 

N 


saq-jui-puaod  -  anbJox 


1  fi8 


Figure  99.  Torque  and  Heat-Rejection  Characteristics 


Speed  -  Percent  Design 


Figure  100.  Acceleration  Characteristics 


extra  pump  capacity  for  the  clutches  can  be  minimized  by  diverting 
most  of  the  gearbox  lubrication  flow  for  clutch  cooling  during  the  brief 
sl'P  period.  This  can  be  accomplished  automatically  by  a  valving  sys¬ 
tem,  as  shown  schematically  in  Figure  101. 

With  the  high  oil  flow  rate  of  the  rotor  reduction  gear  and  its  cooling 
requirements,  it  is  considered  that  no  substantial  increase  in  cooler 
capacity  would  be  required.  The  lube  oil  reservoir  would  serve  as  a 
heat  sink  with  a  temporary  increase  in  lube  oil  temperature.  The 
17,030  B.t.u.  expended  during  the  rotor  engagement  is  equivalent  to 
raising  the  temperature  of  344  pounds  of  oil  approximately  100JF. 

With  the  aforementioned  requirements  and  based  on  experience  with 
high-speed  clutches,  a  clutch  assembly  was  designed  that  is  compatible 
with  the  high  rotational  speed  (19,300  r.  p.  m. )  of  the  Model  545-C2  en¬ 
gine.  (See  Figure  1(<2. )  The  calculated  weight  of  this  assembly  is  53 
pounds  and  it  incorporates  features  which  would  enhance  reliable  ser¬ 
vice  operation. 
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Figure  101.  Valve  System  for  Clutch  Control 


To  avoid  prolonged  disengaged  running  of  the  clutch  plate  pack,  a  posi 
tive  engagement  clutch  with  a  cone  synchronizing  blocker  clutch  is  in 
series  with  the  main  clutch.  This  device  serves  two  purposes. 

1.  It  accelerates  the  main  clutch  outer  member  and  controls  its 
engagement. 
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Clutch  Preliminary  Design 


2.  It  is  sensitive  to  reverse  torque  and  disengages  automatically 
in  case  of  engine  malfunction  or  programmed  underspeed, 
theieby  replacing  the  need  for  a  separate  overrunning  clutch. 

The  torque  characteristics  of  this  device  are  shown  in  Figure  103. 
i  he  main  clutch  outer  member  is  accelerated  to  synchronous  speed  in 
less  than  2  seconds  by  this  torque,  This  is  additive  to  the  time, as 
snown  in  Figure  100.  The  drag  torque  range  in  the  reverse  direction 
for  automatic  disconnect  is  also  indicated.  This  low  drag  torque  is 
eliminated  when  the  device  is  energized  to  the  disengaged  position. 
Under  this  condition,  the  cone  clutch  is  completely  separated  and  there 
are  no  rubbing  surfaces. 


Figure  103.  Torque  Characteristics— Cone  Synchronizing  Clutch 
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Except  for  operation  of  one  internal  valve  which  controls  engage  or 
disengage,  all  sequencing  in  the  clutch  assembly,  including  the  control 
of  cooling  oil,is  accomplished  automatically.  This  simplifies  the  pilot 
control  to  a  minimum  and  eliminates  the  danger  of  clutch  damage  due 
to  pilot  error.  The  main  clutch  has  actuating  pistons  on  each  end  of 
the  plate  pock  to  achieve  more  uniform  pressure  on  all  the  plates. 

Referring  to  Figure  102,  the  upper  half  of  the  assembly  is  shown  in  the 
normal  disengage  position  and  the  lower  half  in  the  engage  slipping  posi¬ 
tion.  A  description  of  the  operation  of  the  assembly  follows.  With  the 
engine  operating,  the  cone  outer  member  "A"  rotates  with  the  engine, 
and  oil  pressure  is  transmitted  to  the  assembly  at  "B."  The  valve 
sleeve  "C"  is  moved  to  the  right  to  admit  oil  pressure  to  engage  cham¬ 
ber  "D."  This  causes  the  cone  clutch  to  engage  ar.J  starts  acceleration 
of  the  main  clutch  outer  member.  The  acceleration  inertia  torque  act¬ 
ing  on  blocker  splines  "E"  prevents  the  engagement  of  teeth  "F"  until 
speeds  are  synchronized  and  the  acceleration  torque  is  relieved.  The 
applied  and  centrifugal  oil  pressures  in  "D"  cause  the  member  "Cl"  to 
move  to  the  left,  as  shown  in  the  lower  half  of  Figure  102.  Porting  in 
chamber  "D"  is  uncovered  so  that  oil  pressure  is  transmitted  to  inside 
valve  mechanism  "H.  "  From  here,  oil  pressure  is  introduced  into  the 
clutch-apply  chambers  "I"  and  the  valve  piston  chamber  ''J.  ”  The  ap¬ 
plied  pressure  causes  the  clutch-apply  pistons  and  the  valve  "H”  to  move 
to  the  position  shown  in  the  lower  half  of  the  drawing.  Cooling  oil  flow 
is  then  admitted  to  the  plates  through  a  system  of  ports  as  shown,  and 
also  to  the  disengage  spring  annuli  "L."  The  inner  diameter  of  these 
annuli  in  combination  with  the  Belleville  springs  is  «ized  in  relation  to 
chambers  "I"  to  give  the  desired  slip-torque  characteristics  as  a  func¬ 
tion  of  output  speed.  Chamber  "K"  is  kept  full  of  oil  under  insignificant 
applied  pressure  by  a  system  of  orifices.  As  the  clutch  inner  member 
approaches  90  percent  ratta  speed,  the  centrifugal  head  pressure  in 
"K,"  plus  the  spring  force,  overcomes  the  applied  pressure  and  cen¬ 
trifugal  head  pressure  in  "J.1'  The  valve  "H"  then  returns  to  the  posi¬ 
tion  as  shown  in  the  upper  half  of  Figure  102.  The  high  cooling  oil  flo 
and  the  oil  supply  to  "L"  are  shut  off.  The  oil  in  "L"  then  drains  out 
through  bleed  holes  and  the  full  centrifugal  head  pressure  in  "I"  greatly 
increases  the  force  on  the  clutch  plates.  The  clutch  is  now  able  to 
transmit  full  engine  torque,  with  substantial  margin,  without  slip. 

To  disengage  normally,  valve  "C"  is  returned  to  the  position  as  shown 
in  the  upper  half  of  Figure  102  with  oil  pressure  admitted  to  chamber 
"M."  This  force  plus  springs  "N"  causes  member  "C"  to  move  to  the 
disengage  position.  The  main  clutch  stays  engaged  due  to  centrifugal 
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head  pressure  in  chamber  "I"  as  long  as  the  rotor  speed  is  high— either 
being  driven  by  other  engines  or  autorotating.  Under  this  condition, 
the  engine  can  be  restarted  and  valve  "C"  moved  to  the  engage  position. 
Member  "G"  will  automatically  reengage  when  the  engine  reaches  syn¬ 
chronous  speed.  When  the  rotor  slows  to  a  low  speed  at  shutdown,  the 
springs  in  "L"  overcome  the  centrifugal  pressure  in  "I"  and  the  clutch 
pistons  are  moved  to  the  disengage  position. 

As  mentioned  previously,  the  cone  clutch  assembly  also  serves  as  an 
automatic  disconnect  device  or  overrunning  clutch  under  reverse  torque. 
Ramps  on  the  reverse  side  of  teeth  "F"  force  member  "G"  to  the  right 
or  out  of  engagement.  Member  "O"  follows  part  of  the  way  by  a  cam¬ 
ming  action  of  helical  splines  "P."  This  is  to  ensure  that  member  "G" 
moves  far  enough  so  that  blocker  spline  "E"  can  engage  its  detent  ramps 
Spring  "Q"  then  causes  member  "O"  to  return  to  its  normal  position. 
Teeth  "F"  are  prevented  from  ratcheting  by  the  cone  clutch  and  blocker 
splines  "E."  Splines  "R''  are  helical  so  that  they  add  to  the  piston  force 
in  "D"  for  normal  direction  and  subtract  from  it  under  reverse  torque. 
This  reduces  the  drag  on  the  cone  clutch  for  reverse  direction  so  that  it 
does  not  overheat  even  under  high-speed  reverse  slippage.  This  small 
drag  can  then  be  eliminated  by  moving  valve  "C"  to  disengage;  the  cone 
surfaces  will  then  be  separated. 

SAFETY  DEVICES 


Safety  devices  associated  with  the  transmission  system  will  depend  to 
some  degree  on  the  type  of  engine  selected  for  HLH.  If  fixed  shaft  en¬ 
gines  are  used,  it  will  be  necessary  to  incorporate  a  clutch,  which  can 
be  controlled  from  the  cockpit,  between  each  engine  and  the  combining 
gears  in  the  transmission.  These  clutches  must  be  disengaged  while 
engines  are  being  started.  When  the  engines  are  at  the  proper  speed, 
the  clutches  can  be  engaged  (singly  or  collectively,  depending  on  engine 
and  rotor  characteristics)  to  bring  the  rotor  up  to  speed.  Engine  failures 
in  systems  of  this  type  can  be  extremely  serious,  since  the  power  from 
one  to  two  more  engines  will  be  absorbed  in  maintaining  the  inoperative 
compressor  at  system  r.  p.  m.  until  flight  personnel  can  assess  the  prob¬ 
lem  and  disengage  the  proper  clutch.  Therefore,  it  is  essential  that  an 
overrunning  clutch  be  arranged  in  series  with  each  starting  clutch  so 
that  individual  power  units  cannot  absorb  power  from  the  system.  (This 
feature  is  provided  in  the  compact  clutch  design  previously  shown  in 
Figure  102.)  If  free-turbine  engines  are  used  in  the  HLH,  starting 
clutches  are  not  required  because  the  gas  producers  would  not  be  me¬ 
chanically  coupled  to  the  rotor.  However,  gas  coupling  does  exist  and 
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inoperative  turbine  power  absorption  is  sufficiently  high  to  justify  the 
use  of  the  overrunning  clutches.  T  Tddition,  if  free-turbine  engines  are 
to  be  run  on  the  ground  for  contr<  justments,  etc.  ,  it  is  desirable  to 
introduce  a  rotor  lock  mechanism  to  prevent  the  rotor  from  turning  and 
creating  downwash  while  loading  the  vehicle  or  when  conducting  engine 
preflight  tests.  The  service  life  of  current  helicopter  engines  of  all 
types  is  reduced  by  dust  and  other  debris  introduced  into  engine  air  in¬ 
lets  by  rotor  downwash  not  only  during  takeoff  and  landing,  but  also  dur¬ 
ing  ground  run-up  tests  which  constitute  a  high  percentage  of  total  mili¬ 
tary  engine  time. 

Unfortunately,  it  appears  that  the  rotor  lock  cannot  be  completely  inte¬ 
grated  with  a  rotor  brake  due  to  large  differences  in  torque  require¬ 
ments.  The  stall  torque  of  a  free  power  turbine  with  its  gas  producer 
operating  at  idle  speed  (for  electric  power,  control  adjustments,  or  in¬ 
stant  takeoff)  will  be  as  much  as  65  percent  of  rated  torque.  With  the 
assumption  that  a  1 5,000- horsepower  transmission  will  be  required  for 
the  HLH,  it  is  estimated  that  the  rotor  lock  should  be  designed  with  the 
capability  to  withstand  at  least  a  4,  000,  000 -pound -inch  torque  at  rotor 
speed.  In  addition,  the  lock  should  be  designed  to  disc.gage  while  sub¬ 
jected  to  design  torque. 

The  rotor  brake  must  be  designed  to  meet  considerably  different  re¬ 
quirements.  To  avoid  rotor  damage  caused  by  striking  other  equip¬ 
ment  in  congested  loading  areas,  it  is  desirable  that  rotors  be  braked 
to  a  stop  as  soon  as  possible  after  landing  and  be  kept  from  turning 
under  the  influence  of  prevailing  winds.  On  the  other  hand,  rotor  de¬ 
celeration  should  not  be  so  fast  that  blades  are  damaged  by  inertia  loads. 
Specific  rotor  data  have  not  been  made  available  to  Allison.but  it  is  be¬ 
lieved  that  the  following  design  parameters  are  applicable.  For  rotors 
turning  at  1  50  r.  p.  m.  with  a  polar  moment  of  inertia  of  approximately 
130,000  slug-feet  squared,  the  brake  should  be  designed  to  stop  the 
system  in  approximately  30  seconds.  Brakes  of  the  type  recommended 
by  Allison, based  on  experience  with  Model  T56  and  T78  engines — brakes 
which  provide  increasing  torque  along  a  squared  curve  from  zero  at  the 
engaging  speed  to  a  maximum  value  at  stall— should  be  designed  for  a 
stall  torque  of  220,000  pound-inches  (expressed  at  the  ro*ar  shaft). 

Brake  life  is  extended  by  applying  low  torques  at  the  slip  speeds 

to  reduce  heat  rejection  and  lower  brake  surface  temperatures.  In¬ 
creased  brake  torques  at  lov.  slip  speeds  are  most  beneficial  because 
this  is  the  region  in  which  windage  is  no  longer  significant  in  stopping 
the  rotor.  Unlike  the  rotor  lock  which  is  recommended  only  with  free 
turbine  engines,  the  brake  should  be  incorporated  regardless  of  the 
type  of  engine  which  is  ultimately  selected  for  the  HLH. 
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Design  features  of  the  clutch  for  fixed  shaft  engines  were  discussed 
previously.  Design  features  of  the  remaining  safety  devices  are  dis¬ 
cussed  in  the  following  paragraphs. 

Overrunning  Clutch 


Based  on  turboprop  engine  experience,  disk-type  overrunning  clutches 
were  selected  over  sprag  or  roller  types  for  both  the  gas-  and  gear- 
coupled  transmissions  in  this  power  category.  Sprags  tend  to  create 
large  shock  loads  on  gears,  bearings,  and  shafts  when  power  turbines 
are  accelerated  into  the  rotor  system  with  values  which  easily  exceed 
10,000  r.p.  m.  per  second.  Sprags  also  tend  to  move  over  center  and 
jam.  Rollers  are  susceptible  to  slipping  when  subjected  to  torsional 
shaft  vibration,  require  excessive  manufacturing  control  of  cam  angles, 
ar  create  high  Hertzian  stresses.  Disk  clutches  provide  adequate 
slippage  during  high-speed  engagements  to  reduce  impact  loads  and  yet 
are  capable  of  transmitting  design  torques  without  slipping.  Internal 
stresses  are  relatively  low  and  the  design  is  insensitive  to  torsionals. 
Plate  warping  has  not  proved  to  be  a  problem,  since  no  significant  power 
is  transmitted  when  overrunning.  In  this  design,  clutch  disks  are  kept 
in  intimate  contact  while  overrunning  (by  a  combination  of  springs  and 
centrifugal  oil  pressure)  to  provide  immediate  engagements  when  the 
torque  path  is  driving  the  rotor.  The  Cavity  employed  to  create  cen¬ 
trifugal  oil  pressure  is  located  on  the  turbine  or  input  shaft  so  that 
clamping  force  on  the  clutch  disks  when  overrunning  is  reduced  as  the 
turbine  is  shut  down  and  coasts  to  a  stop. 

Tentative  overrunning  clutch  design  parameters  are  as  follows: 


Design  Torque 

Number  Of  Friction  Surfaces 

Friction  Surface: 

Outside  Diameter 
Inside  Diameter 
Unit  Area 

Outer  Plate  Material 
Inner  Plate  Material 
Spline  Helix  Angle 
Spline  Pitch  Diameter 
Estimated  Weight 
Oil  Flow  Rate 


16,300  pound -inches 
10 

4.875  inches 
3.750  inches 
7.6  square  inches 
Steel 

Steel  with  sintered  bronze  bearing 
40  degrees 
2.625  inches 
20  pounds 

12  pounds  per  minute 


No  external  controls  are  required,  since  clutch  operation  is  automatic. 
A  representative  overrunning  clutch  design  is  shown  in  Figure  91. 
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Rotor  Lock  and  Brake  Assembly 


A  rotor  lock  and  brake  assembly  driven  at  19,300  r.  p,  m.  by  Ihe  main 
combining  gear  was  studied  for  the  HLH.  One  design  is  applicable  to 
either  the  gear-  or  gas-coupled  transmission,  although  differences  arc 
required  in  support  bearing  and  shaft  geometries  to  suit  the  different 
installations.  By  placing  the  lock  and  brake  assembly  on  high-speed 
shafts,  torque  forces  are  reduced,  permitting  a  smaller,  lighter  de¬ 
sign.  To  reduce  maintenance  time  and  cost  in  the  field,  the  assembly 
can  be  removed  for  inspection  or  replacement  without  disassembling  the 
transmission.  The  spline  lock  is  sized  to  hold  the  rotor  stationary  with 
all  engines  running  at  idle  speed  and  is  provided  with  an  actuator  which 
is  capable  of  exceeding  spline  reaction  force  at  maximum  power  and 
disengaging  the  lock  while  engines  arc  maintained  at  this  setting.  Suf¬ 
ficient  margin  is  provided  in  the  lock  design  stresses  so  that  failure 
will  not  occur  in  the  event  that  engines  are  inadvertently  operated  at 
maximum  power;  it  is  not  considered  necessary  or  desirable  that  locked 
rotor  operation  be  conducted  at  this  torque  setting.  Inadvertent  attempts 
to  engage  the  lock  while  the  rotor  is  turning  are  made  harmless  by  a 
hydraulically  actuated  blocker  valve.  Transmission  oil  pressure  which 
will  be  present  when  the  rotor  is  turning  will  cause  the  valve  to  interrupt 
the  air  supply  to  the  lock  actuator  and  make  it  inoperative.  For  normal 
locked  rotor  starts,  starter  supply  air  would  be  diverted  to  the  lock  actu¬ 
ator  at  a  minimum  pressure  of  20  p.  s.  i.  g.  As  the  piston  moves  to  en¬ 
gage  the  lock,  the  internal  lock  piece  will  rotate  until  the  spline  teeth 
are  aligned  and  engaged.  The  splines  wou;  incorporate  a  helix  angle 
arranged  to  oppose  the  actuator  with  a  fort  e  of  2700  pounds  when  sub¬ 
jected  to  a  design  torque  of  31,000  pound-inches  at  the  lock.  To  obtain 
sufficient  actuator  force  at  the  higher  lock  torques,  compressor  dis¬ 
charge  air  is  manifolded  through  one-way  valves  into  the  starter  air 
supply  line, as  shown  in  Figure  93.  Thus,  the  lock  separating  forces 
which  vary  with  engine  torque  are  opposed  by  compressor  discharge  air 
pressure, which  creates,  and  is  proportional  to,  turbine  torque.  To 
disengage  the  lock,  the  actuator  air  supply  line  is  vented  to  the  atmos¬ 
phere  so  that  spline  tooth  torque  reaction  force  will  cause  the  teeth  to 
separate.  The  lock  is  held  disengaged  by  a  light  spring. 

The  rotor  brake  is  patterned  from  the  design  being  developed  for  Model 
T78  engines.  For  normal  starts  with  the  rotor  unlocked,  starter-engine 
air  at  a  minimum  pressure  of  20  p.  s.  i.  g.  is  applied  to  a  brake  actuator 
piston.  The  air  pressure  creates  a  torque  on  the  outer  cone  brake  mem¬ 
ber  through  rack  teeth  cut  on  the  actuator  piston  to  engage  teeth  on  the 
outside  of  the  outer  brake  cone. 
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This  torque  is  sufficient  to  cause  the  cone  to  rotate  on  helicai  splines 
and  move  axially  against  a  Belleville  spring  and  out  of  engagement  with 
the  inner  brake  cone.  As  the  transmission  speed  increases,  oil  is  sup¬ 
plied  to  a  rotating  chamber  in  the  inner  cone  where  it  creates  a  centri¬ 
fugal  head.  At  30  percent  of  rated  speed,  this  oil  head  is  adequate  to 
move  the  inner  cone  against  a  second  spring  and  increase  the  clearance 
from  the  outer  cone.  Above  this  speed,  interruptions  in  air  pressure 
will  not  engage  the  brake  because  of  inner  cone  motion.  Interruptions 
in  the  transmission  oil  supply  will  not  cause  the  brake  to  engage  be¬ 
cause  it  is  not  dependent  on  pump  pressure.  During  rotor  coast  down, 
a  pressure- sensitive  valve  diverts  transmission  oil  to  the  brake  cones 
for  cooling  at  40-percent  speed.  At  30-percent  speed,  the  inner  cone  is 
moved  into  contact  with  the  outer  cone  by  a  Belleville  spring  opposing 
the  centrifugal  oil  head.  As  oil  pressure  continues  to  decrease  with 
speed,  brake  torque  increases  from  zero  at  engagement  to  a  maximum 
value  of  1700  pound-inches  (at  the  brake)  when  stationary. 

The  estimated  weight  for  the  rotor  brake  and  lock  assembly  with  in¬ 
ternal  valves  and  lines  is  40  pounds.  External  air  lines  and  valves  are 
not  included,due  to  lack  of  information  relating  to  a  specific  installation. 

GAS- COUPLED  ROTOR  DRIVE 


Installation  of  the  power  turbine(s)  in  a  vertical  position  on  the  trans¬ 
mission  was  studied  as  a  method  of  eliminating  the  problems  associ¬ 
ated  with  high  power  transmission  through  right-angle  gears.  This 
arrangement  allows  a  high  degree  of  flexibility  in  the  location  of  the 
gas  producers.  Since  it  is  unnecessary  to  consider  gear  geometry 
when  locating  engines,  it  is  possible  to  arrange  the  transmissions  for 
best  rotor  performance  and  to  locate  the  gas  producers  to  suit  airframe 
profiles.  Preliminary  design  studies  were  conducted  on  multi-  and 
single-turbine  versions  of  the  gas-coupled  arrangement. 

Multiturbine  Arrangement 


The  most  straightforward  evolution  from  contemporary  free  turbine 
engines  to  the  remote  gas-coupled  arrangement  is  to  remove  the  power 
turbine  from  each  engine  and  relocate  them  on  the  transmission  in  the 
vertical  position.  By  providing  a  separate  power  turbine  for  each  gas 
producer,  it  is  unnecessary  to  introduce  hot  gas  valves  into  the  system 
Multiple  turbines  provide  high  efficiency  at  reduced  power  levels  with 
one  or  i.iore  gas  producers  inoperative,  since  operating  temperatures 
and  gas  flows  can  be  held  near  optimum  values,  while  admission  and 
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filling  losses  are  avoided  and  large  wheel  temperature  gradients  are 
eliminated.  System  reliability  is  improved  because  of  redundant  power 
paths,  and  system  weight  is  reduced  by  high  wheel  speeds  and  low 
torques. 

Figure  104  was  prepared  to  assist  in  determining  scaling  motors  such  as 
turbine  duct  clearances  and  preliminary  weight  estimates.  Design  param¬ 
eters  for  the  single-rotor  configuration  are  as  follows: 

Three  Engines  Four  Engines 


Overall  Gear  Ratio 

128:1 

128:1 

Number  Of  Turbine  Drives 

3 

4 

Turbine  Speed— r.  p.  m. 

19,320 

19,320 

Cross  Shaft  Speed  —  r.  p.  m. 

19,320 

19,320 

Rotor  Speed— r.  p.  m. 

150 

150 

Continuous  Rotor  Moment — pound- 

inches 

1,500,000 

1,500,000 

Rotor  Torque — pound-inches 

(85-percent  power) 

5,350,000 

7,120,000 

Total  Horsepower  (Rotor  + 

Cross-Shaft) 

15,000 

18,000 

Weight  Summary— pounds 

Transmission  (Estimated) 

3,380 

3,550 

Turbine  Rotor 

155 

205 

Duct  and  Structure 

450 

600 

Gas  Producer 

1,665 

2,220 

Total 

5,700 

6,575 

Preliminary  gear  data  established  for  the  configuration  are  presented 
in  Table  13. 

Turbine  seals  are  arranged  to  provide  a  wheel  force  balance  using  com¬ 
pressor  discharge  air  beneath  the  turbine  rotors.  While  this  problem 
is  somewhat  unique  in  transmission  design,  it  is  no  more  difficult  than 
balancing  on  an  engine.  The  basic  transmission  would  use  clutches, 
planetary  gears,  rotor  brake,  and  rotor  lock  geometries  which  are  un¬ 
changed  from  the  configurations  studied  for  use  with  bevel  gear  drives. 
However,  it  is  recommended  that  a  double  helical  combining  gear  sys¬ 
tem  be  used  with  the  gas-coupled  design.  Double  helicals  can  be  ma¬ 
chined  more  accurately  because  of  the  narrower  face  widths  of  individual 
gear  rings;  also  they  offer  a  stabilizing  tooth  action  which  is  particularly 
desirable  when  large  gear  ratios  and  center  distances  are  required.  In 
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this  particular  design,  turbine  and  gas  duct  clearances  are  primarily 
responsible  for  the  18-inch  center  distance  between  input  pinions  and  the 
combining  gear.  By  using  double  helicals  in  the  first  gear  stage,  it  is 
believed  that  the  turbine  clearance  can  be  increased  as  much  as  30  per¬ 
cent  without  resorting  to  idler  gears  or  encountering  excessive  pitch¬ 
line  velocities.  Many  of  the  features  studied  for  single  rotor  trans¬ 
missions  are  directly  applicable  to  dual  units.  Primary  differences 
between  the  two  concepts  are  reflected  in  the  cross-shaft  drives  and  the 
planetary  output  gear  stage.due  to  a  different  power  distribution.  Cross 
shafting  for  single  rotor  units  must  transmit  from  15  to  25  percent  of 
the  total  rated  power,  with  the  remainder  passing  to  the  rotor.  Dual 
systems  will  be  affected  to  a  greater  degree  in  this  area  by  the  engine 
arrangement  finally  selected  for  the  HLH.  With  all  engines  in  the  rear 
of  the  vehicle,  the  shafting  must  transmit  up  to  60  percent  of  the  rated 
power.  If  four  power  units  of  equal  size  are  installed  with  two  at  each 
end  of  the  vehicle,  the  cross-shaft  can  be  designed  to  transmit  30  per¬ 
cent  of  the  rated  power.  Without  considering  the  weight  and  balance  or 
packaging  problems  associated  with  a  specific  vehicle,  ^  can  be  defi¬ 
nitely  stated  that  from  the  viewpoint  of  a  transmission  designer  it  is 
preferable  to  mount  power  units  at  each  end  of  a  dual  rotor  vehicle  so 
that  cross-shaft  power  can  be  reduced  (in  tip's  case  from  as  much  as 
9000  horsepower).  By  resorting  to  a  supercritical  design,  the  weight 
and  complexity  of  the  shafting  can  be  improved, but  a  serious  problem 
will  still  exist  in  the  fact  that  9000  horsepower  must  be  transmitted 
through  at  least  one  and  perhaps  two  spiral  bevel  gear  meshes. 


TABLE  13 

ESTABLISHED  PRELIMINARY  GEAR  DATA 


Goar 

Number 

Required 

Number 
of  Teeth 

Normal 
Pitch  (in. ) 

Pitch 

Diameter  (fn. ) 

r.  p.  m. 

Tangential 
Tooth  Load 
(lb.) 

Face 

Width  (in.) 

Pinion 

3 

26 

8 

3.75 

19,320 

8,700 

2  X  1.  5 

Combining  Gear 

1 

224 

8 

12.  4 

2,250 

8,700 

2  X  1.45 

First  Sun 

1 

27 

3 

9.0 

2,  250 

19,  800 

4.  0 

First  Planet 

4 

53 

3 

17.66 

377 

19,800 

4.0 

First  Ring 

1 

133 

3 

44.33 

-274 

19, 800 

3.0 

Second  Sun 

1 

91 

4 

24.  75 

-274 

17,700 

3.9 

Second  Planet 

8 

41 

4 

10.25 

663 

17,700 

3.9 

Second  Ring 

1 

181 

4 

45.25 

150 

17,700 

2.9 

180 


Rotor  Brake 


=  150 


=  19, 300 
=  2, 500  hp 
=  4, 000  pounds 


Coupled  Drive  -  Multiturbine 


The  following  estimated  design  parameters  have  been  established  for  a 
dual- rotor  transmission  for  comparison  with  the  single  rotor  unit  re¬ 
quirements  already  described. 


Overall  Gear  Ratio 
♦Number  of  Turbine  Drives 
Turbine  Speed 
Cross-Shaft  Speed 
Rotor  Speed 
Total  Horsepower 
♦Estimated  Transmission  Weight 
♦Turbine  Rotor  Weight 
♦Duct  and  Turbine  Structure  Weight 
♦Total  Weight  of  One  Transmission 
(Two  required  per  vehicle) 

The  transmission  illustrated  by  Figure  104  has  been  arranged  so  that  all 
oil  pumps,  valves,  and  the  rotor  lock  and  brake  assembly  can  be  re¬ 
moved  for  inspection  without  disturbing  the  transmission.  Turboprop 
engine  experience  has  shown  that  these  features  are  essential  in  reduc¬ 
ing  maintenance  and  in  obtaining  maximum  utilization  of  the  vehicle. 
Estimated  oil  flow  for  the  design  is  71  gallons  per  minute,  based  on  an 
overall  transmission  efficiency  of  98  percent.  This  compares  favor¬ 
ably  with  right-angle  gear  designs  (not  gas  coupled),  where  it  is  esti¬ 
mated  that  higher  gear  losses  will  require  an  oil  flow  of  approximately 
105  gallons  per  minute.  Lower  oil  flows  in  the  gas-coupled  transmis¬ 
sion  will  permit  the  use  of  smaller  oil  coolers,  supply  tanks,  pumps, 
valves,  and  oil  lines. 

At  the  beginning  of  this  study.it  was  anticipated  that  gas-coupled  trans¬ 
missions  might  incur  a  serious  weight  penalty  caused  by  the  insulation 
required  to  prevent  radiant  heat  transfer  between  gas  ducts  and  trans¬ 
mission  castings.  This  did  not  prove  to  be  a  problem.  Heat  transfer 
analyses  performed  at  Allison  have  shown  that  radiant  flux  density  into 
the  transmission  is  negligible, with  no  heat  shield  provided.  Trans¬ 
mission  wall  temperatures  would  remain  below  250°F.  and  oil  cooler 
sizes  could  remain  unchanged.  In  the  event  that  hot  spots  are  encountered 


♦With  the  assumption  that  three  engines  will  be  capable  of  meeting  HLH 
requirements,  it  is  believed  that  two  essentially  identical  transmissions 
can  be  used.  The  weights  were  estimated  by  prorating  1  1/2  turbine 
drives  to  each  transmission. 


128:1 
1  or  2 

19,320  r.  p.  m. 
19,320  r.  p.  m. 
1 50  r.  p.  m. 
9000 

2300  pounds 
77  pounds 
225  pounds 
2602  pounds 
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due  to  specific  duct-transmission  geometries  which  were  not  con¬ 
sidered,  it  would  be  feasible  to  provide  a  forced  draft  from  the  rotor 
downwash.  The  heat  input  from  one  duct  to  the  adjacent  housing  was 
calculated  to  be  300  B,  t.  u.  per  minute  based  on  direct  radiation  be¬ 
tween  parallel  infinite  block  plates.  Convective  heat  transfer  by  air 
flowing  past  the  transmission  would  serve  as  a  coolant.  For  flight 
safety,  it  is  believed  that  a  lightweight  heat  shield  will  be  required  to 
protect  the  transmission  castings,  control  components,  and  oil  lines 
from  high  temperature  gas  leaks  out  of  the  duct  system. 

The  pressure  losses  associated  with  the  ducting  and  diffusers  of  this 
design  can  be  divided  into  two  sections: 

•  The  region  between  the  gas-producer  turbine  and  the  power  tur¬ 
bine 

•  The  exhaust  duct  or  the  region  downstream  of  the  power  turbine 

In  an  effort  to  keep  the  overall  pressure  loss  as  low  as  possible,  a  dif¬ 
fuser  should  be  incorporated  following  the  gas-producer  turbine.  The 
diffuser  assumed  for  this  study  resulted  in  a  reduction  in  the  Mach 
number  from  approximately  0.40  to  0.17.  This  results  in  small  losses 
due  to  friction  and  turning  in  the  ducting  and  the  turbine  inlet  scroll. 

The  overall  losses  in  this  region  are  expected  to  be  4  percent  of  the 
total  pressure  at  the  discharge  of  the  gas-producer  turbine. 

The  exhaust  ducting  consists  of  a  diffuser  with  a  2:1  area  ratio  and  a 
constant  area  90-degree  turn  followed  by  a  diffusing  outlet  duct.  In  an 
effort  to  keep  the  diffuser  length  reasonable  and  minimize  weight,  one 
splitter  vane  was  utilized.  The  length  of  the  diffuser  is  approximately 
13  inches.  The  performance  of  the  exhaust  ducting  was  incorporated 
in  the  performance  estimate  of  the  power  turbine. 

No  significant  difference  can  be  found  in  the  system  weights  of  geared 
or  gas-coupled  transmissions  if  it  is  assumed  that  the  power  turbine 
weights  are  transferred  from  the  gas  producer  to  the  transmission. 

The  gas-coupled  approach  eliminates  power  shafts  and  thrust  bearings 
from  the  first  gear  stage  but  will  require  additional  turbine  support 
structure  and  slightly  longer  gas  ducts.  The  obvious  advantage  of  the 
gas-coupled  system  lies  in  the  elimination  of  high-power  bevel  gear 
drives  and  in  installation  flexibility. 

Five  gas  producer  arrangements  were  studied  to  investigate  mechanical 
limitations  which  might  be  encountered  in  a  gas-coupled  HLH  design. 
The  five  arrangements  are  as  follows: 
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•  Two  T78  gas  producers  plus  reheat 

•  Three  T78  gas  producers  plus  water  injection 

•  Four  T78  gas  producers 

•  Four  T78  gas  producers  plus  regeneration 

•  Foui-  T78  gas  producers  plus  wings  and  auxiliary-  propellers  (com¬ 
pound  helicopter) 

Since  it  is  probable  that  compound  helicopters  will  be  capable  of  achiev¬ 
ing  the  higher  airspeeds  which  minimize  the  effects  of  adverse  winds 
and  extend  range  on  ferry  missions,  the  compound  arrangement  was  in¬ 
cluded  to  establish  the  applicability  of  gas-coupled  systems  to  compound 
machines.  The  approach  to  a  compound  helicopter  drive  shown  in 
Figure  l05  features  a  simplicity  which  permits  rapid  ins'allation  and 
removal  of  wings  and  auxiliary  propulsion  units  by  semiskilled  personnel. 
It  is  realized  that  evaluation  of  this  approach  would  require  a  detailed 
vehicle- mission  analysis  which  is  not  within  the  scope  ■.  f  this  study.  It 
is  shown  to  indicate  the  flexibility  of  the  gas-coupled  approach. 

Single-  and  dual-rotor  applications  were  considered  for  each  arrange¬ 
ment,  and  it  appears  that  gas  coupling  does  not  introduce  fundamental 
mechanical  limitations  to  any  of  the  systems  studied.  In  fact,  the  gas 
coupling  approach  can  offer  another  degree  of  freedom  for  the  designer 
when  fitting  a  propulsion  system  into  a  specific  aircraft  by  allowing 
arrangement  of  engine  positions  and  angles  without  restriction  to 
practical  gear  geometries. 

Single-Turbine  Arrangement 


A  single-turbine  drive  (Figure  106)  was  studied  for  comparison  with  a 
four- turbine  unit  arrangement.  It  was  assumed  that  four  gas  producers 
would  feed  quadrants  of  the  turbine  inlet  annulus  with  a  common  exhaust 
duct.  Tip  speed  was  held  constant  to  maintain  high  work  capability  per 
turbine  stage.  This  resulted  in  a  single  36-inch-diameter,  two-stage 
turbine  turning  9650  r.  p.  m.  and  delivering  15,000  horsepower  versus 
four  1 8- inch-diameter  turbines  which  can  deliver  the  same  power  at 
19,300  r.  p.  m.  Static  exhaust  pressures  were  established  to  provide 
favorable  airflow  through  inoperative  gas  producers  without  requiring 
valves  to  prevent  backflows.  A  one-way  clutch  was  included  to  elimi¬ 
nate  turbine  drag  during  autorotation. 

The  single-turbine  system  proved  attractive  to  the  extent  that  fewer 
gears  and  bearings  are  required.  Conversely,  the  single  turbine  is 
heavier,  less  reliable,  and  less  efficient  at  part  power  than  the  multiple 
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Figure  105.  Gas-Coupled  Compound  Helicopter  Drive 
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Figure  106.  Single-Turbine  Drive 
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turbine  design.  Turbine  torque  was  increased  eight  times  due  to  the 
constant  tip  speed  limitation  so  that  clutch  gear  and  bearing  loads  in¬ 
creased  in  proportion  and  produced  an  unfavorable  weight  trade-off. 
System  reliability  was  reduced  by  the  elimination  of  four  parallel 
power  paths  to  the  combining  gear  in  trade  for  a  single  path.  Relia¬ 
bility  may  be  further  compromised  by  thermal  stresses  in  the  turbine 
blades  resulting  from  partial  admission  at  reduced  power  settings. 
Efficiency  of  the  single-turbine  design  is  reduced  by  admission  and 
filling  losses  with  one  or  more  gas  producers  inoperative  and  by  re¬ 
duced  inlet  temperatures  or  wheel  speeds  which  may  be  needed  to 
compensate  for  thermal  stresses  resulting  from  partial  admission. 

It  was  concluded  that  multiple -high-speed  turbines  are  lighter,  more 
efficient,  and  more  reliable  from  an  overall  system  viewpoint  than 
single -power  turbines. 


(C)  INSTALLATION  STUDIES  (U) 

(U)  OUTLINE  DRAWINGS 

(U)  Outline  drawings  for  the  engine  models  used  in  this  study  (Models 
545-C2,  545-C3,  546-C2,  546-C3,  548-C2,  501-M25,  and  501-M26) 
are  shown  in  Figures  107  through  111.  It  should  be  noted  that  the  en¬ 
velopes  for  these  engines  are  similar  and  fall  within  a  narrow  range  of 
dimensions.  It  can  be  assumed  that  these  engines  are  interchangeable 
for  the  purpose  of  conducting  preliminary  installation  design  studies. 

(U)  INSTALLATION  DATA 
- . -1 .  . . — 

(U)  A  summary  of  engine  characteristics  and  installation  data  is  pre¬ 
sented  in  Table  14. 

(U)  Historically;  helicopter  engine  oil  cooling  has  been  provided  by  an 
oil-to-air  heat  exchanger.  If  a  fuel-to-oil  heat  exchanger  could  pro¬ 
vide  adequate  cooling,  weight  reduction  and  system  simplification  may 
be  realized.  Therefore,  a  study  was  made  to  determine  the  feasibility 
of  using  engine  fuel  to  cool  the  engine  oil. 

(U)  The  results  of  this  study  indicated  that  adequate  oil  cooling  could 
be  accomplished  in  this  manner  for  all  flight  conditions.  However, 
under  certain  ground  idle  conditions,  an  operating  time  limit  may  be 
required.  For  example,  the  worst  condition  for  the  501-M25  was 
found  to  be  high-speed  ground  idle  (13,200  r.p.  m. ).  The  hot-day  heat 
rejection  and  fuel  flow  for  this  condition  are  estimated  to  be  1000  B.t.  u. 
per  minute  and  10.4  pounds  per  minute,  respectively.  With  a  maxi¬ 
mum  oil  inlet  temperature  to  the  heat  exchanger  of  270°F. ,  a  fuel  inlet 
temperature  of  100°F.  ,  and  a  heat  exchange  efficiency*  of  100  percent, 
884  B,  t.  u.  per  minute  would  be  transferred  to  the  fuel,  thus  indicat¬ 
ing  the  fuel  to  be  an  inadequate  heat  sink  for  continuous  operation  at 
this  condition. 

(U)  It  is  believed  that  use  of  low  speed  ground  idle  (10,000  r.  p.  m. ) 
would  be  more  representative  of  typical  helicopter  operating  procedure. 
The  heat  rejection  and  fuel  flow  for  the  501-M25  at  this  condition  are 
estimated  to  be  500  B.t.  u.  per  minute  and  8.3  pounds  per  minute. 


(U)  *Heat  exchanger  efficiency  is  100  percent  when  maximum  temperature 

of  the  coolant  equals  the  maximum  temperature  of  the  fluid  being  cooled. 
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respectively.  Using  the  assumptions  of  the  preceding  paragraph,  the 
ideal  heat  sink  capacity  of  the  fuel  would  be  704  B.t.  u.  per  minute. 
Thus,  indicating  a  heat  exchanger  with  an  efficiency  of  71  percent  would 
provide  adequate  cooling. 

(U)  In  both  cases  considered,  the  fuel  heat  sink  capacity  is  from  in¬ 
adequate  to  marginal.  This  implies  that  a  time  limit  must  be  placed  on 
ground  idle  operation.  This  limit  will  be  dependent  on  initial  tempera¬ 
ture  of  fuel  and  oil,  quantity  of  oil  in  the  system,  maximum  allowable 
oil  temperature,  and  heat  exchanger  characteristics. 

(U)  Further  consideration  of  the  use  of  engine  fuel  to  cool  the  engine 
oil  appears  warranted  when  representative  HLH  operating  procedures 
and  load  schedules  have  been  established . •' 

(U)  INSTALLATION  ARRANGEMENTS 

(U)  A  number  of  possible  engine  arrangements  for  two  basic  HLH  air¬ 
frame  types  (single  rotor  and  tandem  rotor)  were  considered.  In  all  o.r 
the  examples  shown,  effort  was  directed  to  optimize  accessibility,  pro¬ 
vide  good  engine  inlet  air  conditions,  minimize  exhaust  gas  ingestion  in 
inlet  air,  and  achieve  a  maximum  of  commonality  of  power  coupling  and 
transmission  components. 

(U)  HLH  Single-Rotor,  Three-Engine  Mechanical  Drive 


(U)  Figure  112  shows  a  mechanical  drive  in  which  three  engines  are 
arranged  in  a  common  horizontal  plane  about  the  rotor  transmission. 
Antitorque  rotor  shafting  is  external  to  the  aircraft  structure  and  is 
covered  with  a  lightweight  fairing.  Exhaust  ducting  is  arranged  in  such 
a  manner  as  to  permit  rapid  engine  change  and  minimize  exhaust  gas 
ingestion.  Close  proximity  of  the  engines  to  the  rotor  center  line  should 
minimize  recirculation  of  the  exhaust  and  rotor  downwash  effects.  For¬ 
ward  placement  of  the  engines  provides  a  more  favorable  aircraft  center 
of  gravity. 

(U)  The  Models  548-C2  and  501-M26  engines  will  fit  within  the  en¬ 
velopes  shown  in  Figure  112.  Engine  support  structure  has  not  been 
shown  due  to  a  lack  of  detailed  airframe  definition. 
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Figure  107.  (U)  Outline  Drawing  for  Models  54 
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***732  pounds  for  19,320  r.p.m.  direct  drive 


* 


(U)  HLH  Tandem-Rotor,  Three-Engine  Mechanical  Drive 


(U)  Figure  113  shows  a  tandem- rotor  helicopter  in  which  the  engine 
arrangement  differs  slightly  from  that  of  the  single- rotor  installation 
previously  discussed.  The  lower  half  of  the  rear- rotor  transmission  is 
identical  to  that  used  in  the  single-rotor  configuration.  A  180-degree 
turning  box  for  the  synchronizing  shaft  is  mounted  on  the  takeoff  pad 
used  for  the  antitorque  rotor  drive  shaft  of  the  single- rotor  aircraft. 

(U)  The  upper  half  of  the  transmissions,  containing  the  planetary  sys¬ 
tems,  is  the  same  for  both  the  forward  and  aft  rotors.  Size  and  weight 
of  these  upper  case  assemblies  were  reduced  proportionately  when 
compared  with  the  corresponding  single- rotor  configuration.  Each  as¬ 
sembly  must  be  designed  for  only  about  60  percent  of  the  total  engine 
power. 

(U)  The  synchronizing  shaft  is  fitted  externally  to  the  aircraft  structure 
and  is  covered  with  a  lightweight  shroud.  External  placement  is  pro¬ 
vided  to  permit  ease  of  access  for  servicing  and  shafting  changes. 

(U)  Compact  clustering  of  the  engines  around  the  main  transmission  is 
also  a  feature  of  this  configuration. 


(U)  HLH  Tandem- Rotor,  Four-Regenerative-Engine  Mechanical  Drive 


(U)  Figure  114  shows  a  tandem-rotor  helicopter  with  four  front-drive 
Model  545  regenerative  turboshaft  engines.  The  arrangement  provides 
good  inlet  air  conditions  to  the  engines  and  minimizes  exhaust  gas  in¬ 
gestion.  The  forward  transmission  and  the  upper  half  (planetary  system) 
are  of  the  same  design  shown  in  Figure  113.  The  lower  half  of  the  main 
transmission  is,  of  course,  different  than  that  shown  in  Figure  113. 
Placement  of  the  synchronizing  shafting  is  the  same  as  that  for  the 
three-engine  configuration. 

(U)  Engine  cowling  and  the  inlet  duct  are  arranged  in  such  a  manner 
that  servicing  and  engine  changes  can  be  readily  made.  Engine  exhaust 
is  directed  overboard  without  the  use  of  ducting.  The  total  engine  weight 
for  this  configuration  is  4460  pounds.  The  Models  545,  546,  and  501- 
M25  turboshaft  engines  will  fit  within  the  envelopes  shown  in  this  ar¬ 
rangement. 
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Figure  113.  (U)  Tandem-Rotor  HLH,  Three-Engine  Me< 


(U)  Integrated  Power-Turbine  Transmission  Drive 


(U)  Figure  115  shows  an  integrated  power-turbine  transmission  drive 
system  as  installed  in  a  single- rotor  version  of  the  HLH.  This  con¬ 
figuration,  with  minor  modification  of  the  takeoff  pad  for  the  synchroniz¬ 
ing  shaft,  can  be  used  in  the  tandem-rotor  airframe  type.  Details  of 
the  transmission  design  are  presented  in  the  section  titled  Power  Coupling 
Studies. 

(U)  Gas  producers  (546  or  501  series)  are  very  compactly  arranged 
around  the  integrated  power-turbine  transmission  system.  The  gas  pro¬ 
ducers  are  readily  accessible  for  maintenance  and  engine  changes.  Total 
powerplant  weight,  including  three  gas  producers,  ducting,  three  power 
turbines,  main  transmission,  and  supporting  structure  as  installed  in 
the  single-rotor  helicopter,  is  estimated  at  5700  pounds. 
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(U)  DEVELOPMENT  REQUIREMENTS 


Variations  of  two  basic  engines  (Models  T56  and  T78)  which  are  now  in 
production  or  under  development  were  considered  during  this  study.  The 
Model  T56,  which  has  been  in  production  since  1954,  now  powers  the 
Cl 30,  P3A,  E2A,  Electra,  and  Convair  commercial  aircraft.  The 
Model  T78  is  now  under  development  on  Navy  contract  and  is  scheduled 
to  complete  its  preliminary  flight  rating  test  (PFKT)  by  December  1966. 
Model  qualification  testing  (MQT)  of  the  Model  T78  is  scheduled  for  com¬ 
pletion  by  April  1968.  The  development  requirements  of  the  various 
engines  considered  in  this  study  are  discussed  in  the  following  para¬ 
graphs. 

MODEL  501-M25  (FIXED-TURBINE  T56) 

This  engine  is  similar  to  the  T56-A-15  which  is  now  in  production.  The 
T56-A-15  has  a  maximum  turbine  inlet  temperature  rating  of  1970°F. 

The  90°F.  increase  in  turbine  inlet  temperature  sped  Tied  for  the  M25 
should  not  impose  a  significant  development  problem.  Another  deviation 
from  the  production  configuration  is  the  use  of  variable  compressor 
geometry.  \  variable  geometry  compressor  of  the  type  to  be  used  in 
the  M25  engine  has  been  built  and  tested;  however,  some  additional  de¬ 
velopment  will  be  required  in  this  area.  In  addition,  the  control  system 
will  require  modification. 

It  is  anticipated  that  a  PFRT  program  could  be  completed  within  24 
months  from  go-ahead.  The  MQT  could  be  completed  within  30  months 
from  go-ahead. 

MODEL  501-M26  (FREE-TURBINE  T56) 

This  engine  is  similar  to  the  Model  501-M25,and,  as  such,  similar  de¬ 
velopment  problems  are  anticipated.  In  addition,  this  model  includes  a 
free  turbine.  Design  and  development  of  this  component  are  considered 
to  be  straightforward  engineering  problems.  Although  additional  en¬ 
gineering  and  development  costs  would  be  incurred,  •  cignificant  ef¬ 
fect  on  availability  is  anticipated. 

MODELS  545-C2  AND  545-C3  (FIXED-TURBINE  T78) 


These  engines  are  almost  identical  to  the  baseline  Model  T78  (Allison 
Model  545-B2)  except  that  the  exhaust  nozzle  is  larger  on  the  C2,and  C3 
to  optimize  the  engine  for  a  helicopter.  No  new  development  problems, 
therefore,  are  anticipated. 
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The  Model  545-C3  engine  operates  at  constant  turbine  inlet  temperature 
and  constant  engine  speed  throughout  the  power  range.  The  power  is 
modulated  on  the  545-C3  by  varying  the  compressor  variable  geometry; 
however,  this  is  not  expected  to  cause  any  major  developmental  prob¬ 
lems. 

The  minor  variations  from  the  basic  Modef  T78  engine  are  not  expected 
to  add  over  3  months  to  the  basic  T78  schedule. 

MODEL  546-C2  (FIXED  TURBINE-NONREGENERAT1VE  T78) 

The  546-C2  engine  is  a  nonregenerative  version  of  the  545-C3  engine. 
Therefore,  the  546-C2  engine  has  some  additional  features  which  are 
not  common  with  those  of  the  Model  T78  engine.  The  nonregenerative 
engine  requires  a  new  diffuser,  since  the  diffuser  on  this  engine  ducts  the 
air  directly  from  the  compressor  to  the  combustor.  The  turbine  is  reset 
to  provide  the  additional  expansion  ratio  required  of  the  nonregenerative 
turbine.  These  changes  are  not  expected  to  cause  any  major  problems 
because  the  major  portion  of  the  engine  is  identical  to  the  basic  Model 
T78  engine.  Design  and  development  of  the  new  turbine  to  PFRT  status 
would  require  approximately  24  months.  Development  to  fully  qualified 
status  would  require  an  additional  6  months. 

MODEL  548-C2  (FREE-TURBINE  NONREGENERATIVE  T78) 


The  Model  548-C2  engine  is  a  nonregenerative,  free  turbine  version  of 
the  Model  T78  engine.  This  engine  will  incorporate  a  new  diffuser  and 
a  reset  in  the  turbine  aerodynamic  configuration  plus  the  separation  of 
the  first  and  last  two  stages  of  the  turbine.  With  the  two  separate  tur¬ 
bines,  the  engine  will  require  new  bearings  for  the  free  turbine  with  the 
related  bearing  supports.  Development  time  requirements  would  be  very 
similar  to  those  of  the  Model  54G-C2. 

GAS- COUPLED  ROTOR  DRIVE 

The  gas-coupled  rotor  dr&e  modification  of  the  T78  would  be  similar  in 
scope  to  that  for  a  free  turbine  configuration  except  the  power  turbine 
would  be  integrated  with  the  transmission.  Lubrication  and  power  tur¬ 
bine  rotor  balance  system  changes  would  be  required.  Development 
time  and  availability  would  be  very  similar  to  that  for  the  Model  548- 
C2  engine. 
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APPENDIX 


(C)  MISSION  ANALYSIS  METHOD  (U) 


(U)  This  appendix  describes  in  detail  the  procedure  used  in  the  mission 
studies.  (See  section  titled  Performance  Studies.)  Four  Model  548-C2 
engines  were  installed  in  the  vehicle  used  for  the  method  illustration. 

The  heavy-lift,  transport,  and  ferry  missions  are  considered. 

(U)  To  evaluate  engine  performance  in  a  helicopter  application,  the 
following  curves  are  necessary: 

•  Shaft  horsepower  versus  fuel  flow  with  lines  of  velocity  for  the 
Model  548 -C2  engine  (Figure  116) 

•  Total  shaft  horsepower  versus  velocity  with  lines  of  design  gross 
weight  including  a  range  of  frontal  areas  (See  Figure  1) 

•  Specific  range  (velocity /fuel  flow)  versus  velocity  with  lines  of 
gross  weight  for  four-,  three-,  and  two-engine  operation  (Figures 

,117  through  119) 

•  Specific  range  versus  gross  weight  with  lines  of  velocity  (Figure  120) 

•  Range  versus  gross  weight  (Figure  121)  with  lines  of  velocity  ob¬ 
tained  by  integrating  the  areas  under  the  curves  presented  in 
Figure  120 

•  Specific  range  versus  gross  weight  at  maximum  range  for  four-, 
three-,  and  two-engine  operation  (Figure  122) 

•  Shaft  horsepower  versus  gross  weight  for  various  velocities  and 
1 00 -feet-per -minute  rate  of  climb  (Figure  123) 

(U)  Figure  123  was  used  to  indicate  when  to  shut  off  an  engine  during 
each  mission.  The  helicopter  was  required  to  have  a  100 -feet-per - 
minute  rate  of  climb  at  all  times.  As  shown  in  Figure  123,  the  normal 
power  rating  for  one  engine  intersects  the  100-feet-per -minute  rate  of 
climb  curve  at  a  gross  weight  of  approximately  52,  000  pounds.  This 
was  used  as  a  basis  for  discontinuing  one  of  the  three  engines  during 
the  ferry  mission.  Also,  on  the  inbound  leg  of  the  heavy -lift  and  trans¬ 
port  missions,  with  the  payload  removed,  only  two  engines  were  used. 

It  was  not  possible  to  shut  down  to  one  engine  because  of  safety  con¬ 
siderations. 

(U)  A  detailed  summary  of  the  results  of  the  mission  analysis  using 
the  Model  548 -C2,  is  presented  in  Table  15.  The  procedure  used  for 
the  analysis  of  each  mission  is  presented  in  the  following  paragraphs. 
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CONFIDENTIAL 


(C)  HEAVY  LIFT  MISSION  (U) 

(U)  As  stated  in  the  Mission  Analysis  subsection,  an  empty  weight/ 
design  gross  weight  ratio  fo  0.  47  for  the  heavy-lift  mission  was  con¬ 
sidered  to  be  a  reasonable  estimate.  Therefore,  the  following  ex¬ 
pressions  were  used  to  arrive  at  a  solution: 

EW/DGW  =  0.47 

DGW  =  EW  +  Wp  +  Wf  +  Wc 

where 

DGW  =  Design  Gross  Weight 

EW  =  Empty  Weight 

W  -  Payload  (40,000  pounds) 

Wf  =  Fuel  Weight 

Wc  =  Crew  and  Trapped  Fluid  Weight  (700  pounds) 

(U)  An  iterative  process  was  used  which  consisted  of  the  following 
steps. 

1.  Assume  a  design  gross  weight. 

2.  Calculate  fuel  requirements  for  the  outbound  phase  of  the 
mission. 

3.  Reduce  the  assumed  design  gross  weight  by  subtracting  the 
fuel  used  in  the  outbound  phase  of  the  mission. 

4.  Remove  the  payload. 

5.  Calculate  fuel  requirements  lor  the  inbound  phase  of  the  mis¬ 
sion. 

6.  Subtract  fuel  used  on  inbound  phase  of  mission. 

7.  Subtract  crew  and  trapped  fluid  weight  to  arrive  at  empty 
weight. 

8.  Iterate  until  empty  weight/design  gross  weight  equal  0.47. 

(C)  The  final  iteration  showed  that  the  design  gross  weight  of  an  HLH 
using  four  Mod.el  548-C2  engines  would  be  83,700  pounds.  The  values 
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TABLE  15 

(C)  MODEL  548-C2  MISSION  STUDY  DATA  (U) 


Tons 

Payload 

HLH 
Weight 
(lb.  )* 

Total 

Shaft 

Horsepower 

Shaft 

Horsepower 
per  Engine 

1 

Time  (hr. ) 

Heavy  Lift  Mission 
(20-Nautical  Mile  Radius) 

Start,  Warm-up,  Takeoff 

20 

83,  700 

— 

— 

0.033 

Hover  at  Takeoff 

20 

83, 500 

12,500 

3,  125 

0.083 

Cruise  (Outbound) 

20 

82,949 

7,720 

1,930 

0.211 

Hover  at  Destination 

20 

81,959 

12,200 

3,050 

0. 167 

Cruise  (Inbound) 

0 

40, 879 

6,920 

3,460 

0. 154 

Reserve  (10  percent) 

— 

40, 333 

— 

— 

— 

Crew  (700  lb. ) 

Empty  Weight 

— 

39,296 

— 

— 

— 

Transport  Mission 
(100- Nautical  Mile  Radius) 

Start,  Warm-up,  Takeoff 

12 

71,960 

— 

— 

0.033 

Hover  at  Takeoff 

12 

71,760 

10,320 

2,  582 

0.050 

Cruise  (Outbound) 

12 

71,472 

6,  510 

1,627 

0.909 

Hover  at  Midpoint 

12 

67, 632 

9,520 

2,  380 

0.033 

Cruise  (Inbound) 

0 

43,  451 

6,930 

3,465 

0.769 

Reserve  (10  percent) 

— 

40, 720 

— 

— 

— 

Crew  (700  lb. ) 

Empty  Weight 

— 

39,  296 

— 

— 

- 

Ferry  Mission 
(1500-Nautical*Mile  Range) 

Start,  Warm-up,  Takeoff  0  (Fuel  only)  103,  716 

— 

— 

0.033 

Cruise 

— 

100, 258 

— 

2,690 

1.  11 

— 

74, 500** 

— 

2,  645 

10.  32 

— 

50,  658** 

— 

2,  515 

0.  95 

Reserve  (10  percent) 

— 

— 

— 

— 

— 

*HLH  weight  at  initiation  of  mission  phase, unless  otherwise  specified. 
♦♦Average  HLH  weight  for  each  phase. 
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TABLE  15 

(C)  MODEL  548-C2  MISSION  STUDY  DATA  (U) 


HLH 

Total 

Shaft 

Fuel  Flow 

Fuel 

height 

Shaft 

Horsepower 

Velocity 

per  Hour 

Weight 

Engines 

Ob.  )* 

Horsepower 

per  Engine 

Time  (hr. )  (knots) 

per  Engine 

(lb.) 

Operating 

>3,  700 

— 

13,  500 

12,500 

12,  949 

7,720 

tl,  959 

12,200 

0,  879 

6,920 

0,333 

— 

9,  296 

— 

1,960 

1,760 

10,320 

1,472 

6,  510 

7,632 

9,  520 

3,451 

6,930 

0,  720 

— 

9,296 

— 

3,716 

0,  258 

— 

4,  500** 

— 

0,  658** 

— 

— 

0.033 

3, 125 

0.083 

1,930 

0.211 

3,050 

0. 167 

3,460 

0.154 

— 

0.  033 

2,  582 

0.  050 

1,627 

0.909 

2,380 

0.  033 

3,465 

0.769 

— 

0.033 

2,690 

1.  11 

2,645 

10.  32 

2,  515 

0.95 

iless  otherwise  specified. 


0 

— 

200  4 

0 

1,652 

551  4 

95 

1,175 

990  4 

0 

1,620 

1,080  4 

130 

1,775 

546  2 

337 

Total' 

3,  704  lb. 

0 

— 

200 

4 

0 

1,440 

288 

4 

110 

1,056 

3,840 

4 

0 

1,360 

181 

4 

130 

1,775 

2,731 

2 

— 

— 

724 

- 

— 

Total’ 

7,  964  lb. 

- 

0 

— 

200 

- 

125 

1,  472 

6,  516 

4 

122 

1,450 

45,  000 

3 

105 

1,  404 

2,  684 

2 

— 

— 

5,430 

— 

Total  59,  830  lb. 
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obtained  in  this  iteration  are  as  follows.  With  a  gross  weight  of  83,  700 
pounds  and  a  200-pound  fuel  allowance  for  the  2-minute  start,  warm¬ 
up  and  takeoff  phases,  the  gross  weight  at  hover  during  takeoff  is  83,  500 
pounds.  Using  Figure  124  for  the  hover  power  required,  a  total  shaft 
horsepower  of  12,  500  is  obtained.  Since  four  engines  are  in  use,  the 
shaft  horsepower  per  engine  is  3125.  From  Figure  116,  a  fuel  flow  per 
engine  of  1652  pounds  per  hour  is  obtained.  Thus,  for  5  minutes  of 
hover  time,  the  fuel  used  is  551  pounds.  The  initial  outbound  cruise 
gross  weight  is  only  82,  949  pounds.  As  shown  in  Figure  121,  with  a 
velocity  of  95  knots  and  a  200-square-foot  frontal  area  for  a  20-nautical- 
mile  mission,  the  fuel  used  will  be  990  pounds.  The  hover  at  destina¬ 
tion  requires  10  minutes  at  a  gross  weight  of  81,  959  pounds.  Using 
Figure  124,  the  total  shaft  horsepower  required  is  12,  200  or  3,  050  shaft 
horsepower  per  engine.  Figure  116  gives  the  fuel  flow  per  engine  as 
1,  620  pounds  per  hour.  Therefore,  for  hover  at  destination  the  total 
fuel  used  is  1,  080  pounds.  At  this  point,  the  payload  is  removed  so  that 
the  final  cruise  inbound  gross  weight  is  40,  879  pounds.  Since  shutdown 
of  an  engine  may  occur  at  some  gross  weight  under  52,  000  pounds,  only 
two  engines  are  used  on  this  portion.  The  fuel  used  was  obtained  directly 
from  Figure  121,  using  the  130-knot  velocity  line.  In  this  case,  the  fuel 
used  is  546  pounds.  The  total  fuel  used  on  the  mission  is  3,  367  pounds. 

A  10-percent  reserve  of  337  pounds  is  added  to  this  to  get  the  total  fuel 
required — 3704  pounds.  An  empty  weight  of  39,  296  pounds,  as  shown  in 
Table  15,  results  w  en  the  fuel,  payload,  and  crew  and  trapped  fluid 
weights  are  subtracted  from  the  design  gross  weight.  The  resulting 
empty  weight /design  gross  weight  is  0.47  and  the  iteration  is  complete. 
This  empty  weight  of  39,  296  pounds  was  used  for  the  transport  and 
ferry  missions. 

(C)  TRANSPORT  MISSION  (U) 

(C)  The  procedure  for  establishing  transport  mission  initial  gross 
weight  and  fuel  requirements  was  similar  to  that  used  for  the  heavy- 
lift  mission.  However,  instead  of  closing  the  iteration  on  empty 
weight/ design  gross  weight  it  was  closed  on  helicopter  empty  weight. 

The  final  iteration  showed  the  transport  mission  initial  gross  weight  to 
be  71,  960  pounds  and  to  require  7,  964  pounds  of  fuel. 

(C)  The  values  obtained  in  the  final  iteration  are  as  follows.  The  start, 
warm-up,  and  takeoff  fuel  allowance  was  200  pounds.  Therefore,  hover 
gross  weight  was  reduced  to  71,  760  pounds.  Using  Figure  124,  it  was 
found  that  a  total  shaft  horsepower  of  10,  320  (2,  582  shaft  horsepower 
per  engine)  was  required.  Figure  116  shows  that  a  fuel  flow  of  1,440 
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pounds  per  hour  per  engine  is  required.  Thus,  for  a  3-minute  hover 
period  with  four  engines  operating,  288  pounds  of  fuel  are  consumed. 

Figure  121  shows  that  3,  840  pounds  of  fuel  are  required  for  the  110- 
knot  outbound  cruise,  with  an  initial  gross  weight  of  71,  472  pounds. 

Using  Figure  124,  the  horsepower  required  to  hover  at  midpoint  with 
a  gross  weight  of  67,  632  pounds  was  found  to  be  9,  520  total  or  2,  380 
horsepower  per  engine.  Figure  116  shows  that  a  fuel  flow  of  1,  360 
pounds  per  hour  per  engine  is  required  for  a  total  fuel  consumption 
of  181  pounds  during  the  hover.  The  12 -ton  payload  was  removed  and 
the  inbound  cruise  was  initiated  with  a  gross  weight  of  43,451  pounds. 

As  in  the  heavy-lift  mission,  it  was  possible  to  shut  down  engines  on 
the  inbound  cruise.  Thus,  for  two  engines  and  130-knots  cruise  speed, 

2,731  pounds  of  fuel  are  consumed,  as  shown  on  Figure  121.  The  re¬ 
serve  fuel  weight  was  obtained  by  increasing  by  10  percent  the  7,  240 
pounds  used  for  a  total  fuel  load  of  7,  964  pounds  at  mission  initiation. 

When  the  payload,  fuel,  and  crew  and  trapped  fluid  weights  are  subtracted 
from  the  gross  weight,  an  empty  weight  of  39,  296  pounds  results,  thus 
completing  the  iteration. 

(C)  FERRY  MISSION  (U) 

(C)  The  1500 -nautical -mile  mission  is  divided  into  three  parts.  The 
first  portion  is  flown  with  four  engines  operating.  The  second  portion 
is  flown  with  three  engines  operating  and  one  engine  shut  down.  (Three 
engines  are  used  when  the  weight  is  between  97,  000  pounds  and  52,  000 
pounds. )  The  third  portion  is  flown  with  two  engines  operating  and  two 
engines  shut  down.  The  average  gross  weight  for  each  potion  of  the  mis¬ 
sion  was  used  to  determine  the  fuel  used  and  the  distance  traveled.  This 
is  possible  since  the  velocity /fuel  flow  ratio  maximum  range  curves  are 
linear  as  shown  in  Figure  122. 

(C)  The  method  of  calculation  (Table  16)  requires  an  initial  estimate  of 
fuel  for  the  entire  mission.  The  value  used  was  53,  900  pounds.  Step  5  — 
which  is  start,  warm-up,  and  takeoff — requires  200  pounds  of  fuel.  For 
reserve  fuel,  10  percent  of  the  fuel  required  was  used.  Additional  tankage 
was  provided  for  the  ferry  mission  and  its  weight  was  established  as  7.  5  per¬ 
cent  of  the  ferry  mission  fuel  less  transport  mission  fuel  weight.  An  air¬ 
craft  gross  weight  of  103,371  pounds  was  used.  Since  200  pounds  of  fuel 
was  used  before  becoming  airborne,  the  gross  weight  at  flight  initiation 
was  103,  171  pounds  and  the  average  gross  weight  for  the  initial  phase  of 
the  four-engine  operation  was  100,085  pounds.  With  this  average  gross 
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weight,  a  velocity/fuel  flow  ratio  of  0.  0212  will  be  obtained.  (See  Figure 
122. )  By  multiplying  the  delta  gross  weight  by  this  value,  a  distance  of 
131  miles  is  obtained. 


TABLE  16 

(C)  METHOD  OF  FERRY-MISSION  CALCULATION  WITH 
TANKAGE*  INCLUDED  (U) 


Iteration 


Step 

Initial 

Final 

1 

Empty  Weight,  lb. 

39,296 

39,  296 

2 

Crew,  lb. 

700 

700 

3 

Subtotal,  lb. 

39,996 

39,  996 

4 

Estimated  Fuel,  lb. 

53,900 

54,  200 

5 

Starting  Fuel,  lb. 

200 

200 

6 

Reserve  Fuel,  lb. 

5,410 

5,  430 

7 

Tankage  Weight,  lb. 

3,865 

3,890 

8 

Gross  Weight,  lb.,  4  Engines  Operating 

103,371 

103,716 

9 

Gross  Weight  at  Takeoff,  lb. 

103, 171 

103,  516 

10 

Gr.  Wt.  ,  lb. ;  1  of  4  Engines  Can  Be  Shut  Down 

97, 000 

97,  000 

11 

Four-Engine  Fuel  Weight,  lb. 

6,  171 

6,  516 

12 

Average  Gross  Weight — Four  Engines,  lb. 

100,  085 

100,  258 

13 

Velocity/Fuel  Flow  Average 

0.0212 

0.0212 

14 

Nautical  Miles  for  Four  Engines 

131 

138 

15 

Gross  Weight,  lb.  ,  3  of  4  Engines  Open 

97,000 

97,000 

16 

Gr.  Wt.  ,  lb. ;  2  of  4  Engines  Can  Be  Shut  Down 

52, 000 

52, 000 

17 

Three -Engine  Fuel  Weight,  lb. 

45,000 

45,  000 

18 

Average  Gross  Weight— Three  Engines,  lb. 

74,500 

74, 500 

19 

Velocity/ Fuel  Flow,  Average 

0. 02805 

0. 02805 

20 

Nautical  Miles  for  Three  Engines 

1,262 

1,  262 

21 

Gross  Weight,  lb.  ,  2  of  4  Engines  Operating 

52,000 

52, 000 

22 

Final  Gross  Weight,  lb. 

49,271 

49, 316 

23 

Two -Engine  Fuel  Weight,  lb. 

2,729 

2,684 

24 

Average  Gross  Weight,  lb. 

50,  635 

50,  658 

25 

Velocity/ Fuel  Flow  Ratio 

0. 0374 

0.0374 

26 

Nautical  Miles  for  Two  Engines 

102 

100 

27 

Total  Mileage,  Nautical  Miles 

1,495 

1,  500 

*7.  5-percent  of  AFerry  and  Transport  Total  Fuels. 
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(C)  The  three -engine  portion  distance  is  the  same  for  all  iterations 
since  the  engine  shutdown  gross  weights  are  always  97,  000  pounds  and 

52,  000  pounds.  The  average  gross  weight  between  these  values  is  74,  500 
with  a  resulting  velocity/fuel  flow  ratio  of  0.  02805,  Therefore,  the  fuel 
difference  of  45,000  pounds  times  this  value  provides  a  distance  of  1262 
nautical  miles. 

I 

(C)  The  fuel  used  for  the  final  portion  with  two  engines  operating  is  ob¬ 
tained  by  subtracting  the  final  arrival  gross  weight  (empty  weight  with 
crew,  reserve  fuel,  and  tankage)  from  the  ,52,  000-pound  shutdown  weight. 
The  49,271  pounds  average  gross  weight  yields  a  velocity/fuel  flow  ratio 
of  0.0374.  The  distance  traveled,  based  on  these  values,  was  102  nautical 
miles. 

(C)  The  summation  of  the  three  portions  is  1495  nautical'miles.  Based 
on  this  figure,  a  ratio  is  made  of  1500/ 1495  times  the  fuel  assumed  of 

53,  900  pounds.  This  allows  the  new  assumption  of  54,  200  pounds  for  the 
next  iteration  attempt. 

(C)  The  use  of  the  same  procedure  proved  accurate  within  one -half  mile 
with  the  following  data  being  obtained: 


Four  Engines 

Three  Engines 

Two  Engine: 

Average  Gross  Weight 

100,  258 

74,500 

50,658 

Fuel  Used 

6,  516 

45,  000 

2,684 

Velocity/ Fuel  Flow  Ratio 

0.0212 

0. 02805 

0. 0374 

Total  Nautical  Miles 

138 

1,262 

100 
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Note:  Adjusted  for  Effect  of  5-Percent 
Inlet  Loss  and  5  Percent  Increase 

in  Fuel  Consumption  Per  MIL-C-5011A  Military 
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Figure  116.  (C)  Adjusted  Model  548 -C2  Performance  (U) 
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Figure  117.  (C)  Specific  Range  Versus  Velocity  and  Gross 
Weight— Four  Model  548-C2  Engines  (U) 


Figure  118.  (C)  Specific  Range  Versus  Velocity  and  Gross 
Weight— Three  Model  548-C2  Engines  (U) 
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Velocity/Fuel  Flow— Nautical  Miles/Pound 
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Velocity-  Knots 

Figure  119.  (C)  Specific  Range  Versus  Velocity  and  Gross 
Weight— Two  Model  548-C2  Engines  (U) 
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Velocity/Fuel  Flow— Nautical  Miles/Pound 
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Gross  Weight  -  Pounds 

Figure  120.  (C)  Specific  Range  Versus  Gross  Weight  for 
Constant  Velocity  (U) 
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Velocity/Fuel  Flow  —  Nautical  Miles/Pound 
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Gross  Weight  —  Pounds 

Figure  122.  (C)  Specific  Range  Versus  Gross  Weight  at  Maximum  Range 

Model  548-C2  Engines  (U) 
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Shaft  Horsepower 
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Gross  Weight-  Pounds 

Figure  123.  (C)  Power  Required  and  Available  Versus  Gross 
Weight  and  Velocity  (U) 
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Shaft  Horsepower 
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Figure  124.  (U)  Hover  (OGE)  Shaft  Horsepower  Versus  Gross  Weight  at  Sea 
Level  Standard  Day  Condition  (Design  Gross  Weight  =  83, 700  pounds) 


232 


